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Abstract
This thesis presents a task-oriented approach to telemanipulation for maintenance in
large scientiﬁc facilities, with speciﬁc focus on the particle accelerator facilities at Eu-
ropean Organization for Nuclear Research (CERN) in Geneva, Switzerland and GSI
Helmholtz Centre for Heavy Ion Research (GSI) in Darmstadt, Germany. It examines
how telemanipulation can be used in these facilities and reviews how this diﬀers from
the representation of telemanipulation tasks within the literature. It provides methods
to assess and compare telemanipulation procedures as well a test suite to compare
telemanipulators themselves from a dexterity perspective.
It presents a formalisation of telemanipulation procedures into a hierarchical model
which can be then used as a basis to aid maintenance engineers in assessing tasks for
telemanipulation, and as the basis for future research. The model introduces a new
concept of Elemental Actions as the building block of telemanipulation movements and
incorporates the dependent factors for procedures at a higher level of abstraction.
In order to gain insight into realistic tasks performed by telemanipulation systems within
both industrial and research environments a survey of teleoperation experts is presented.
Analysis of the responses is performed from which it is concluded that there is a need
within the robotics community for physical benchmarking tests which are geared towards
evaluating the dexterity of telemanipulators for comparison of their dexterous abilities.
A three stage test suite is presented which is designed to allow maintenance engi-
neers to assess diﬀerent telemanipulators for their dexterity. This incorporates general
characteristics of the system, a method to compare kinematic reachability of multiple
telemanipulators and physical test setups to assess dexterity from a both a qualitative
perspective and measurably by using performance metrics.
Finally, experimental results are provided for the application of the proposed test suite
onto two telemanipulation systems, one from a research setting and the other within
CERN. It describes the procedure performed and discusses comparisons between the
two systems, as well as providing input from the expert operator of the CERN system.
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Chapter 1
Introduction
Teleoperation allows operators to carry out tasks in potentially dangerous environments
without having to physically enter into those environments and risk their lives. Telema-
nipulation, a more speciﬁc though sometimes interchangeable term, involves manual han-
dling of physical objects through a teleoperation system. Traditionally, telemanipulation
consists of a single or dual arm telerobot [1, 2], which is controlled by one human operator,
with video cameras used to view the remote environment. Use of telemanipulators
in industrial settings, most commonly in the nuclear [3, 4], space [5–8] and subsea
[9] industries usually involves maintenance of mechanical parts and assemblies within
hazardous environments which are completely inaccessible to the operator. Although
exceptions exist, most notably telesurgery [10–15] whereby a surgeon operates on a
patient using a highly precise telerobot, or remote laboratories where the focus is on
education [16], it is fair to say that most telemanipulation in the real world is used for
mechanical handling tasks. It follows that there should be a reasonably small set of tasks
which can represent most use-cases in telemanipulation. Consequently, a knowledge of
these basic tasks can be used to schedule and optimise telemanipulation procedures in a
more general sense, allowing not only individual human operators to work on a task but
also multiple operators and robots, each with varying skills and capabilities.
This thesis presents works within the ﬁeld of telemanipulation with a focus on its
application within large scientiﬁc facilities, such as particle accelerators. Two such
facilities are looked at speciﬁcally: GSI Helmholtz Centre for Heavy Ion Research (GSI)
[17–19], in Germany, and European Organization for Nuclear Research (CERN) [20–23],
in Switzerland. The CERN facility is highly represented in the works here both for
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experimental veriﬁcation of the research developments and as a provider of real pro-
cedures to use as case studies for the theoretical concepts presented. Such scientiﬁc
facilities require telemanipulation as they emit ionising radiation during their operation
and as a result it is necessary to restrict human access. Telerobotics provides a way of
performing maintenance in such hazardous environments. However, it also introduces
various challenges in organisation and scheduling of the tasks that must be performed.
This work presents three research contributions within the ﬁeld of telemanipulation for
maintenance, with a focus on the tasks performed within such facilities. Firstly, it
presents a formalisation of the dependent aspects of telemanipulation procedures within
these facilities. It concentrates on the basic tasks which are performed with telema-
nipulators and subsequently presents an approach to integrating these tasks into the
scheduling of multi-robot maintenance procedures. Secondly, it presents an analysis of
common tasks performed with telemanipulators in industrial and research settings, drawn
from past literature and the results of a survey of telerobotics professionals. Finally, it
presents a task-based suite of tests designed to allow comparison of telemanipulation
systems for dexterous tasks within industrial settings.
These three contributions are highly interrelated. During maintenance interventions,
it is important that the capabilities of the telemanipulator and the requirements of the
tasks are well-matched. The telemanipulation system must allow enough dexterity in the
hands of the operator to complete the tasks correctly, as well as fulﬁlling all other related
aspects of the procedure. In order to correctly plan for this, the interrelated aspects of
the task must ﬁrst be fully understood, in a formal model. To ensure compatibility of the
telemanipulator and tasks, there must be some set of tests to measure and compare the
available telemanipulators to determine their suitability from a task-based perspective,
and these tests must be developed through a study of the type of tasks which are actually
performed in the work environments.
1.1 Research Motivations
The motivation behind this work is largely inﬂuenced by two distinct areas in the
literature which, whilst not entirely devoid of research studies, are generally only dealt
with in a cursory manner or by papers which date from the early years of the telerobotics
research ﬁeld. These would beneﬁt revisiting in light of recent software developments
and advances in the robotics ﬁeld as a whole.
The ﬁrst of these areas is that of planning for telerobotic procedures within the wider
context of maintenance planning for large scientiﬁc facilities. Most tasks described in
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the telerobotics literature are taken as isolated. However, when telerobotics is used in
particle accelerator environments it is usually the case that they are performed as part
of larger maintenance operations, which may be planned by maintenance engineers with
little teleoperation experience. Many factors can aﬀect telerobotic procedures within
real-world settings, for example logistical issues such as transporting the robot to the
remote location, providing suﬃcient power sources and meeting strict space restrictions.
It is likely that these are not often included in the wider literature as they are considered
"engineering problems". However, as a result of this, to the author’s knowledge, no
attempt has been made to formalise these integral aspects of telemanipulation proce-
dures into a framework which could provide a basis for future works, both in research
and in industrial settings. In this thesis, an approach is derived which describes and
encapsulates the various interrelated aspects of teleoperation procedures.
The second of these areas is a shortage of speciﬁc tasks in much of the telemanipulation
literature. Tasks which are used to demonstrate the performance of telerobots in studies
are often very simple, requiring only one or two actions, limited in how thoroughly they
test the robot and very speciﬁc to the individual study. Within the ﬁeld of telesurgery
some de facto test kits have been successfully employed to test various surgical telerobots,
such as the FLS Trainer Box [24] and SAGES FLS Skills Test [25], which are primarily
used in training surgeons for laparoscopic surgery. However, there is a lack of standard
tests for telemanipulation performance in industrial settings. This deﬁcit is approached
in a more practical and aggregate manner than, to the author’s knowledge, it has been
covered previously in the literature. Data has been gathered from primary sources, with
results of a survey of professional telerobotics experts and analysis of tasks presented in
key literature.
1.2 Application Area: Large Scientific Facilities
The works in this thesis are highly focussed on the speciﬁc application area of large
accelerator facilities emitting ionising radiation. The purpose using robotics in such
facilities is to reduce the radiation exposure of human workers to as low as reasonably
achievable for reasons of safety. Telerobotics is applicable to these facilities for such things
as maintenance and inspection. It allows procedures to maintain the beneﬁts of human
control, such as ﬂexibility due to human cognitive advantages over autonomous robotics,
without requiring the operator to be physically present in the work environment.
Two speciﬁc large scientiﬁc facilities are used as case studies for this work, CERN in
Switzerland and GSI in Germany, both of which have provided input into the project
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in the form of case studies and, in the case of CERN, physical testing of the research
output from the thesis with their robotic technology.
1.3 Objectives
The three main objectives of this thesis are: to formalise telerobotics procedures into
a structured framework; to understand and quantify the needs of telerobotics engineers
with regards to required tasks; and to develop a testing procedure for telerobotic dex-
terity which could be used to benchmark telemanipulators.
These objectives are involved in how telerobotics is used in scientiﬁc facilities, but also
with how it is used within industrial settings in general. Although telerobotics literature
often focuses on the minutiae of bilateral control theory there are many aspects of
telemanipulation which inﬂuence real operations. This thesis frames telerobotics within
the wider industrial setting to provide a structured understanding of how telerobotics
is really used in these facilities. Instead of the common control theoretic approach, this
work takes at its basic level the physical movements and achievable dexterity with a
given telerobotic system and proposes a testing procedure which can be used to quantify
this dexterity. This testing procedure could be used to compare diﬀerent systems to
determine their suitability for a task.
1.4 Outline
This thesis is structured as follows:
Chapter 2 introduces the state of the art in the sub-domains of robotics within which
this work is situated. It describes the application area of large scientiﬁc facilities emitting
ionising radiation and their use of telerobotics, as well as a case study onto which the
works in the thesis could be applied.
Chapter 3 presents a formalisation of telerobotics procedures from their placement
within the wider maintenance plans of the scientiﬁc facility down to the lowest level of
elemental actions, along with an entity relationship approach to describing the various
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Chapter 4 gives the results of a survey of telerobotics experts conducted to obtain
information on how telerobotics is used within real industrial and research settings
and provides an analysis of the responses to ascertain which tasks are most commonly
performed in these environments.
Chapter 5 proposes a test suite of telemanipulation tasks by which telemanipulators
can be compared for their dexterity. It deﬁnes three distinct stages of testing complexity
which teleoperation engineers could use to compare telerobotic systems and researchers
could use to validate their developments.
Chapter 6 presents experimental results of the application of the proposed test suite
with two industrial telerobots from distinct industrial areas. It describes the procedure
performed and discusses comparisons between the two systems.
Chapter 7 summarises the main contributions of this work and conclusions about the
work as a corpus. It proposes some interesting questions which have arisen from the
thesis as well as potential future research which could be performed based on these.

Chapter 2
State of the Art and Background
The state of the art in the ﬁeld of telemanipulation are described here, along with several
other research areas related to the application. Firstly, a background in telerobotics is
given in Section 2.1. Robotic benchmarking and human dexterity testing are covered
in Sections 2.2 and 2.3, as one of the main outputs of this thesis is a dexterity test for
telemanipulation benchmarking. A detailed review of some key references in task-based
telerobotic benchmarking is given in Section 2.4. Finally, there is a background into
large accelerator facilities, the main application area, and teleoperation use within such
facilities.
2.1 State of the Art in Telemanipulation Control Theory
A teleoperator is deﬁned as "a machine enabling a human operator to move about,
sense and mechanically manipulate objects at a distance." [26]. Teleoperation is thus the
act of using a teleoperator (the Greek "tele", meaning "at a distance" and the English
word "operation" [27]). The word seems to have been ﬁrst deﬁned in the context of
remote handling around 1962 [28, 29]. Telemanipulation is an extension of this concept
with a speciﬁc emphasis on manipulation tasks. The ﬁrst teleoperator is retrospectively
considered to have been the Polygraph [30], a purely mechanical four-bar linkage designed
to copy the handwriting of the operator and famously used by Thomas Jeﬀerson in the
early 19th century. Since then teleoperation has advanced, ﬁrst from purely mechanical
master-slave systems, introduced by R. Goertz in 1948 [31] for use in the nuclear industry
to teleoperators using electrical and hydraulic servomotors in 1954. With these the
mechanical linkage between master and slave devices could be completely removed.
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More recently, the continuing improvement of internet technologies has allowed control
signals to be sent without even a direct electrical coupling, meaning that master and
slave could be truly decoupled at any distance, allowing manipulations from another
country, as in remote telesurgery [11–15] or, with radar and wireless communication
technologies, to perform maintenance in space [5–8]. However, the more that master and
slave have been decoupled, the more a series of new challenges and restrictions have been
introduced, such as delays and jitter in network communication [8, 32, 33], instability
in force feedback [34], problems in viewing the remote environment [35, 36] and a loss
of intuitiveness for the human operator [37]. To overcome these challenges, the research
ﬁeld of telerobotics has largely focused on a control system approach to telemanipulation,
attempting to improve the robustness of those aspects which aﬀect bilateral control
systems [27], leading to developments such as control for soft environments [13], space
indexing [32], bilateral communication protocols [38] and control of ﬂexible manipulators
[39].
Through this control theory approach, termed bilateral teleoperation due to the control
system being dependent on signals sent in two directions: from master to slave and vice
versa, the aim is to reduce the eﬀects of the communication system to a minimum, with
the ideal that the human operator "forgets" that they are using a teleoperation system
and instead feels as though they are physically within the remote environment. The
achievement of such an eﬀect is termed "ideal transparency" ("transparency" being used
as a term to refer to the intuitiveness of the teleoperator). While "transparency" has
many deﬁnitions it is commonly taken as whether "the mechanical impedance felt by
the user is the same as the impedance of the environment" [30].
Along with transparency, teleoperator performance is commonly measured in terms of
"tracking" and "stability"[40], or its related "passivity" [41]. Tracking refers to the ability
of the slave to correctly follow the master. Bad tracking would mean that a movement
in the master would not correspond to the expected response to that movement by
the slave. The standard deﬁnition of "stability" from control theory is used, i.e. that
it fulﬁls the Lyapunov stability criterion. Passivity focuses instead on ensuring that
system components only disperse, and do not create, energy. Finding a balance between
stability/passivity and transparency is a core aim of the research ﬁeld [42].
Bilateral Systems
While the contributions of this thesis do not speciﬁcally focus on bilateral teleoper-
ation, it is worthwhile to discuss bilateral teleoperation as it is the basis for all higher
level teleoperation approaches, such as those proposed in this thesis.
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The following are the most common control methods in telemanipulation:
Position-Position control
The position of the slave tracks the position of the master, and vice versa. This
control approach is inherently backdrivable, meaning that either manipulator (slave
or master) can be used as the master device. While this control is inherently stable,
as Melchorri [43] notes, the forces applied can be excessively high, due to errors
between the master and slave positions. For instance, a slow moving slave device
would cause high forces to be felt at the comparatively faster master device due to
the increasing position error, even in free space.
Force-Position control
The position of the master is used to command the slave position. The forces felt by
the slave robot are sent back to the master device and presented to the user. This
control architecture has long been shown to increase transparency and performance
of the telemanipulation system (measured as time to task completion, reduced
contact forces and total contact time) [43], as the operator only feels reﬂection
forces at the master device when there is an interaction with the environment.
However, this control approach is highly susceptible to instability when there are
delays in the communication system. This instability is caused by a lack of direct
tracking between the master and slave positions. If a contact with a surface is made
and the operator does not feel it immediately then they will continue to command
the robot into the surface and the force applied by the slave will be high.
Force-velocity control
The velocity of the master is used to command the slave. In turn the force signal
from the slave is sent to the master, as in force-position control. With time delays,
this control approach can become unstable when the slave collides with a rigid
object in the presence of time delay [44], as delayed force to the operator does not
correspond to their current movement and an unstable oscillatory response is felt
around any contact points.
Four-channel architecture
The four-channel architecture is a generalisation of several other bilateral control
systems and describes the entire teleoperation system into functional blocks. It
allows for both forces and velocities to be passed between the master and slave.
Lawrence [45], for example, uses this general architecture to compare various
bilateral control systems.
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2.2 State of the Art in Telemanipulation Benchmarking
Benchmarking involves the comparative assessment of a process or device using standard-
ised measurement tools to obtain objective information about its performance against
similar devices. Thus, within the ﬁeld of robotics, a benchmarking test would be a
standard task, or set of tasks, which multiple robotic devices are capable of performing.
Their performance at the task would indicate something about the quality of their
performance as a robot in general.
The benchmarking of robotic devices is a comparatively new research pursuit when com-
pared to related ﬁelds such as software benchmarking [46, 47], where deﬁned benchmarks,
such as those supplied by Center for Discrete Mathematics and Theoretical Computer
Science (DIMACS), are well integrated into search algorithm research [48]. Software
benchmarking is comparatively less complicated than robotic benchmarking as it is
achieved through common, deﬁned problems and datasets. This approach is still in
its infancy in the robotics ﬁelds but is being explored through initiatives such as the
RAWSEEDS project [49]. However, in recent years hundreds of robotics competitions
and events have been introduced with the aim of comparing the performance of robotic
systems [50, 51]. For example, RoboStadium [52], RoboCup [53], the DARPA Challenge
[54] and the AAAI Robot Competition [55]. These competitions are mostly devoted to
comparing the software algorithms used to sense, map and navigate the environment,
with several competitions utilising common hardware platforms across competitors, in-
cluding RoboCup with the Aldebaran NAO robot and some stages of the Darpa Challenge
using the Atlas robot. In these cases the autonomy of the robots is the key factor and
teleoperation is often not possible or, in the case of the Darpa Challenge 2014, penalised
within the scoring system [56]. Therefore, despite the large number of competitions, it
is uncommon for the benchmarking of telemanipulation to be covered in any more than
a cursory manner. This leaves a signiﬁcant gap in the telerobotics literature as it means
that, despite some speciﬁc cases such as surgical robotics, there are few tests to compare
teleoperation systems from a combined, whole-system point of view by assessing their
dexterity.
2.2.1 Manipulator Benchmarking
Although benchmarking options for telemanipulation operation are limited, benchmark-
ing of the manipulators themselves are well covered within robotics. Several ISO stan-
dards, most relevantly the ISO-17874 for remote handling devices [57] and ISO 9283 for
manipulator benchmarking [58], provide test methods for the robotic manipulators with
a set of common metrics. Some manipulator metrics (ISO 9283 [58]) are:
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• Pose/distance accuracy and repeatability
• Position stabilization time and overshoot
• Path velocity characteristics
• Static compliance
These metrics are widely used to quantify the performance of robotic manipulators for use
in manufacturing and other assembly line applications, and to calibrate robots [59–62].
The tests require that the software commands which control the robot are exactly the
same each time. This is not the case in telerobotics as a human provides the control
signals. Metrics like accuracy and repeatability will not be accurate if the robot is being
sent to diﬀerent positions between movements. The focus is on producing accurate
trajectory following as this is of most importance in manufacturing environments.
Outwith the ISO standards, various other benchmarking tests have been proposed within
the literature for manipulators. These include speciﬁc benchmarks for ﬂexible manip-
ulators [63], formalisms of performance metrics [64], performance evaluation of parallel
mechanisms [65] and dynamics benchmarking [66].
Telerobot-specific Benchmarking
The metrics included within the standard for electrical master-slave remote handling
machinery (ISO 17874-3 [67]), currently under development for the nuclear sector [68],
provides tests which are less centred on autonomous manipulators and more on the
important hardware factors for telemanipulation such as:
• Linear and rotational backlash
• No-load forces and torques
• Flexures
• Granularity of control
• Static load in linear and moment
Such tests are either used to determine the properties of the master or slave device
or to test properties aﬀecting both devices when connected. They are focussed on the
devices themselves, as these are quantiﬁable. However, the standard, at least in its
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current state, does not provide experimental procedures to represent the dexterity of the
combined system, although design factors which may aﬀect dexterity are mentioned.
Outside of the standards and within the literature, there are a few studies which attempt
to provide tests to benchmark the dexterity of telemanipulation systems [24, 69–72].
These are discussed further in the literature review in Section 2.4.
Benchmarking Dexterous Hands Although little benchmarking has been intro-
duced within arm-based manipulation there has been some work into benchmarking for
multi-ﬁngered hands, speciﬁcally through the Dexmart consortium [73], which devoted
a work package to benchmarking. However, these benchmarks, described by Grunwald
et al. [74] are focussed around bimanual grasping and household tasks, such as pouring
water and opening a screw-top jar. Although some of the actions may be similar the
application is very diﬀerent and therefore the dexterity required for these tasks has a
consequently diﬀerent focus. Also, the focus of the Dexmart project was on autonomous
operation and therefore the actions are not directly translatable to telemanipulation.
2.3 State of the Art in Human Dexterity Testing
Good comparative tests of telerobotic dexterity may in fact have more in common with
tests of human dexterity than those tests designed for manipulators alone. Human
dexterity tests are often used within ﬁelds such as occupational therapy and neurology
research to assess the dexterous hand-eye performance of people, often those with reduced
motor functions such neurological hand tremor (Essential Tremor) [75]; for testing the
eﬀect of safety gloves on dexterity [76] and pre-testing applicants for assembly line work
[77].
Many dexterity tests exist, ranging from picking up wooden blocks (Box and Block test
[78]), which tests gross manual dexterity, to the use of small tools (Crawford small parts
dexterity test [79]) for ﬁne manual dexterity. Several comparative reviews have been
carried out [80–82]. Also, a range of "norms" has been established for some tests, such
as norms for the Box and Block test for children [83], adults [78] and the elderly [84].
These provide the average scores for these tests against which subjects can be tested and
compared for diagnostic purposes.
It is notable that some of these tests, such as the Purdue Pegboard, Figure 2.1(a) and the
Minnesota Manual Dexterity test, Figure 2.1(b) have similarities between the peg-in-hole
test commonly used in telerobotics.
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(a) Purdue Pegboard, from [75] (b) Minnesota Manual Dexterity, from [85]
Figure 2.1: Two manual dexterity tests which have similarity to the peg-in-hole test.
These tests both involve the insertion of cylinders into matching holes. With the Purdue
Pegboard, which tests ﬁne manipulation, several small metal pins are inserted into a
board. The number of pins placed in 30 seconds is used as the basis for the scoring.
It can also be used to test "bilateral" manipulation (meaning using both hands. In
telerobotics, this is termed "bimanual" to avoid confusion with bilateral control theory),
by the requiring the addition of washers and collars to the test into which the pin must
be inserted. The Minnesota Manual Dexterity tests gross motions and involves moving
a set of cylinders from the starting position, as is shown in Figure 2.1(b), into their
respective holes on the board, shown in black in the ﬁgure. The overall time is used as
a metric for this test, with higher times indicating less dexterity.
Relevance to telemanipulation Manual dexterity tests have been around for many
years (Fleishman et al. [80] wrote their seminal review in 1954) and are used widely
in the neuropsychological ﬁelds to measure the range of dexterity of human manual
performance. The existence of multiple tests is necessary and sometimes diﬀerent tests
are used together [76]. This is because they each test diﬀerent aspects of manual
handling, with results showing clearly that humans have varying levels of manual ability.
The telerobotics literature tends to focus strongly on the control theory aspects of a
system and hardly ever considers the eﬀect of diﬀering human dexterity on performance
with a telemanipulator. Perhaps the assumption is that humans perform with a similar
level of manual ability and so this eﬀect is negligible. However, given the results from
literature in human manual dexterity this seems to be far from the case. Additionally,
it seems likely that performing dexterous tasks through a telemanipulation system will
compound these diﬀerences as opposed to alleviating them.
It is important to consider the processes involved in developing manual dexterity tests as
these could provide a good starting point for the development of dexterity tests suitable
for comparing dexterity in telemanipulation systems. Practices such as deﬁning "norms"
for the dexterity of particular groups of people could, and in the future should, be used
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for telemanipulation dexterity tests as they would allow the dexterous performance of
telemanipulation systems to be truly comparable.
2.4 Review of Telemanipulator Performance Tasks
In this section is provided a detailed review of the telemanipulation literature with a
focus on the speciﬁc tasks which are performed within the studies. This review provides
a starting point for the dexterity tests presented later in Chapter 5 for the purposes of
benchmarking telemanipulators.
(a) Insertion (b) Alignment
Figure 2.2: The peg-in-hole task commonly used to validate telerobotics experiments,
which tests insertion and alignment.
The wider literature on teleoperation (and more widely, robotic manipulation in general)
tends to focus on the following small selection of tasks:
1. Peg in hole [86–92] - This is by far the most common "task" which is used to test a
robotic manipulator, Figure 2.2. It involves a pin, usually round or square section,
which is inserted by the robot manipulator into a hole at a known tolerance. The
factors which aﬀect the correct completion of this action are [93]:
• Linear errors resulting from mismatches in Cartesian position.
• Angular errors resulting from poor alignment of the central axis of the peg
and hole.
The interaction forces between the peg and hole resulting from these mismatches
can be used as a performance metric (if force sensors are available), with higher
interaction forces indicating worse performance.
2. Block-stacking [94–98] - This task involves the stacking of either identical or dif-
ferently shaped blocks on top of each other. The main aspect being tested in
this is usually the artiﬁcial intelligence algorithm which plans which blocks should
be moved in which order to move from the start conﬁguration to a deﬁned goal
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conﬁguration, such as the dock-worker robot problem [99]. Where an element of
manipulation exists, for example in the Tower of Hanoi problem [100], it commonly
tests the same factors as the Peg in Hole task, i.e. alignment of rings onto a peg.
Yokokohji [70] proposed a manipulation test which involves stacking of lego blocks,
which tests the ﬁne dexterity of a telemanipulator, and is discussed in further detail
below.
3. Surgical tasks [25, 101] - This group of tasks (which often includes peg-in-hole) are
used to verify low-payload, high-dexterity telemanipulators which are developed
for use in keyhole surgery, with each task testing an aspect of surgery. Knot-tying
for example [24], involves tying a knot in a length of suture wire. If the robotic
system allows a surgeon to perform this task it is indicative that the robot could
be used to tie stitches in a wound. Other tasks of this type include pick-and-place,
hand exchange, passing of needles and suturing. These tasks are not considered in
this thesis as the application area is so diﬀerent, but these tests are noted here due
to their prevalence in telerobotics literature [12, 24, 25, 101–105]
2.4.1 Key References from the Literature
There exist a few studies which explicitly attempt to provide tasks which can be used
to compare the performance of teleoperation. The following references are discussed in
detail here as they can be considered as key to the proposed telemanipulation perfor-
mance tests. In order to be as comprehensive as possible, the test suite proposed as part
of this project should draw lessons from these works to ensure that the tests proposed
are consistent with the state of the art in telemanipulator-speciﬁc benchmarking.
Lego Block Test - Yokokohji 2001 [69, 70]
One of the few sources from the literature which attempts to propose a standardised,
benchmarking test for telemanipulation is the "Toy Problem" by Yokokohji et al. [69].
They propose a test using LEGOTM toy blocks to build one or more structures of diﬀering
complexity using the master-slave system. The performance of the system in a particular
setup is assessed by comparing the times to task completion. They explain the value of
using such blocks for a test. These are:
1. LEGO blocks are easy to acquire as they are sold throughout the world.
2. As LEGO blocks are manufactured to a uniform level of quality and the precision
of the block dimensions is consistent, using such a test would ensure comparable
results between diﬀerent systems.
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3. The availability of three distinct skill-levels of LEGO blocks ("primoTM " for
infants, "duploTM " for young children and "systemTM " for older children) allows
for the diﬃculty of the test to be set by the size of blocks used, as the LEGO blocks
get progressively smaller and more complicated to assemble for each increasing age
range.
They note that previous tasks used for the benchmarking of teleoperation systems, such
as the valve-unit exchange task developed for nuclear power plant maintenance [106],
were too speciﬁc to a particular setting and thus would be diﬃcult to replicate using
another telerobot in a diﬀerent setting. Their test, they assert, solves this issue by
utilising standard parts.
The task is essentially one of block stacking, where a particular conﬁguration of lego
blocks should be stacked within a single plane, by a planer robot.
Lessons from Yokokohji While it is clear that the use of such standardised blocks is
advantageous for a standard test suite, the test proposed by Yokokohji et al. is limited
for several important reasons.
• The test setup which they use is restricted to the xy plane, as they are testing
a planar robot. The results they obtain using the test could really only be used
to compare between similarly planar robots, or with higher Degrees of Freedom
(DoF) manipulators which have been restricted to a single plane.
• Even the biggest LEGO blocks (from the "primo" range) are still relatively small.
For large manipulators such blocks are just too small to consider manipulating.
Any attempt to compare the dexterity of such a manipulator using this test is
likely to return that it is not dexterous at all.
• The plastic which the blocks are made of is relatively weak. This makes it infeasible
to use this test with high-payload manipulators which apply large forces. Of course,
alternative blocks could be made out of stronger materials, such as steel, but doing
this would lose all three of the advantages of this test in the ﬁrst place.
Despite these disadvantages, the Toy Problem provides a good starting point for the
development of a standard suite of tests as its advantages, described above, introduce
three fundamental aspects which a test suite should consider:
1. Tests should be easy to obtain or easy to manufacture.
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2. Tolerances and dimensions should be uniform.
3. Tests should be scalable, to accommodate diﬀerent classes of telemanipulator and
skill levels required.
Performance Indices and Tasks - Hwang and Hannaford 1998 [71]
Hwang and Hannaford [71] introduce a set of performance indices by which robots could
be compared over a set of tasks, relating to position and force properties of the master,
slave and combined system. These performance indices improve on those most commonly
used in the literature, which are "time to task completion", e.g. [32, 69, 72, 87, 88, 93,
107], and "reaction forces at the slave", e.g. [32, 72, 107]. Whilst these are important,
they measure the performance within a very limited scope. The authors propose a wider
set of performance indices to incorporate more aspects of the teleoperation system.
The seven performance indices are:
1. Averaged kinetic energy level of slave, PKE
2. Joint limit index (if slave joints hit mechanical limits), PJL
3. Completion time, PCT
4. Master reaction force to Human Operator, Pfm
5. Slave reaction force from the environment, Pfs
6. Variance of slave force, Pvfs
7. Variance of position error in the slave, Pvep
These are used to evaluate the performance of the robot for test three separate tasks,
which are brieﬂy described below to demonstrate how these performance indices can be
applied to speciﬁc tasks.
Two point tapping The operator alternately taps the end eﬀector tip on two 2mm
circles placed 10mm apart on a diagonal line in the x-y plane. Two speeds, fast tapping
(108 taps/min) and slow tapping (56 taps/min), were set using a metronome for 20
seconds.
Performance Indices used: PKE , PJL & Pfm .
18 Chapter 2 State of the Art and Background
Corner Tracing The end eﬀector tip is used to trace a raised edge on a test ﬁxture
around a perpendicular corner a partially constrained motion. The authors recorded
data for 5 repetitions of the task.
Performance Indices used: PKE , PJL, PCT , Pvfs & Pvep
Nut pushing A nut is pushed by the end eﬀector within an L shaped canal in a
completely constrained motion, for ﬁve repetitions.
Performance Indices used: PKE , PJL, PCT & Pfs .
Lessons from Hwang and Hannaford The performance indices proposed in this
study introduce several key additions on top of the "time to task completion" and "slave
forces" metrics more commonly used in the literature. Additionally, they demonstrate
that all performance indices are not applicable to all benchmarking tasks, and this opens
the way to a more targeted approach metric assignation in benchmarking. This approach
has been built into the benchmarking tasks proposed as part of this thesis and can be
seen in detail in Section 5.2.
They key issue that their work raises is that using few performance indices could severely
reduce the usefulness of a comparative test. For example, if task completion time, PCT ,
and slave force, Pfs were used for the nut pushing task, see [71, p. 22], there would be
no clear winner between the 3 control modes tested in their study. Only by using further
indices is it clear which control mode is best. On top of this, as shown by the fact that
Two Point Tapping and Corner Tracing tasks do not include PCT or Pfs as indices, it
may be inappropriate to use particular performance indices on some tasks. Attempting
to test all systems for all tasks with one or two metrics would likely yield meaningless, or
worse misleading, results as to the performance of the teleoperation system as a whole.
Four Tasks for six axis force-reflecting telemanipulators [72]
Hannaford et al. [72] also introduce a performance test for teleoperation, based on several
varied tasks. These are:
1. Velcro attachment.
2. Peg-in-hole matrix.
3. Electrical connectors.
4. Bayonet connector
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The authors acknowledge the popularity of the peg-in-hole task and attribute this to its
simplicity of implementation. The proposed tasks are perhaps the most diverse in those
found in the literature and also introduce the concept of speciﬁc mechanical fastenings
as part of the test, including bayonet and electrical connectors (in this case a telephone
connector, power cord and a 24 pin standard signal connector). The velcro attachment
speciﬁed was essentially one of block placement, with velcro used to maintain block
attachment with a vertically mounted task board. These latter task are also, the authors
propose, simple to specify given the ready availability of these industrially available
components.
The authors also cite the following equation, which can be used to indicate the precision
of a telemanipulation system, I, as a function of the smallest Hole, H, and Peg, D,
diameters which can be inserted by the machine.
I = log2
(
H
(H − P )
)
(2.1)
This is a simple but fully quantiﬁable way of measuring the dexterous performance of a
telemanipulation system and is therefore a good test in regards to generalisability and
simplicity of implementation.
They also provide a comparison between the diﬀerent peg and hole tolerances for 4
references from the literature.
Lessons from Hannaford et al. There are two main lessons which can be taken
from this work. Firstly, the summary and treatment of the peg-in-hole task provided is
a solid and generalisable methodology for applying peg-in-hole in an experimental setup.
The comparative review of tolerances used in various studies, along with their method
of setting diﬀerently toleranced holes into a matrix, cover the task enough detail that
it was decided not to include peg-in-hole tasks in the test suite described in this work.
Suﬃcient coverage was also found in other references employing the peg-in-hole task,
such as the statistical measures of peg-in-hole alignment [108] and coverage elsewhere
[87, 93]. Secondly, the work is the only found in the literature which introduces other
objects into test in a systematic way, by the addition of connectors and fasteners. As
discussed later in this chapter, these are an important part of telerobotics tasks in the
real world and Hannaford et al. provide a starting point from which addition of such
objects can be achieved in practice.
One limitation of the tasks in this paper is related to the fact that the test board is
only performed on one Cartesian plane (the XZ plane). Although it would be possible to
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reconﬁgure the test board to another plane this is a limitation of the test in itself. Having
said this it is a marked improvement over the "toy problem" described above which not
only restricts manipulation to a single plane but also restricts robot motion. Improve-
ments on this test board would include the testing of manipulation capability across
multiple axes, both translational and rotational, both individually and in combined axis
movements.
2.4.2 Summary of Tasks Review
The results of this review have revealed a high prevalence of block stacking and peg-in-
hole tasks within the telemanipulation literature, which is likely due to the simplicity
of implementing these tasks in an experimental setting. Only a few references were
gathered which directly address the use of tasks for benchmarking telemanipulators and
these have been presented here as key literature.
The tasks discussed from these key literature sources provide a good starting point for
the development of the benchmarking tests for telemanipulation proposed in this thesis.
The general lack of detail regarding speciﬁc tasks within the telerobotics literature points
to a need for standardisation of such tasks based on common performance indices metrics
which can be applied to many tasks, as have been provided here by Hwang and Hannaford
[71] and Hannaford et al. [72]. The requirement for scalable tests has been highlighted
by Yokokohji et al [69], as has the use of such tasks for benchmarking purposes. The
lessons from these literature are taken as a basis for the test suite proposed later in
Chapter 5 and for focussing the survey analysis performed in Chapter 4.
2.5 Background on Scientific Facilities
The research project behind this work is part of a European Consortium, named Pre-
venting hUman intervention for incrREased SAfety in inFrastructures Emitting ionizing
radiation (PURESAFE), which has the core aim of presenting various approaches to
reduce human exposure to ionising radiation in large scientiﬁc facilities, speciﬁcally
particle accelerator facilities. The consortium was divided into 15 separate research
projects from various research ﬁelds within both robotics and systems and process
modelling. Two particle accelerator facilities, CERN in Switzerland and GSI in Germany,
were partners in the project and provided the working environment and case studies for
the research works presented here.
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2.5.1 Accelerator Facilities
Large particle accelerator facilities are scientiﬁc devices which use highly precise electro-
magnetic ﬁelds to guide and accelerate subatomic particles, usually electrons, protons
or heavy ions, close to the speed of light. These particles are then collided with static
matter or other moving particles for experiments in particle and nuclear physics. The
sophisticated machinery required to control such high energy particles present a huge
variety of engineering challenges, the most relevant to the PURESAFE project being the
safety aspects.
A variety of particle accelerators exist around the world, including Fermilab [109] and
SNS [110] in the USA, J-Park in Japan [111] and ISIS in the UK [112]. The work in
this thesis, however, is focussed around the existing facilities in CERN, home of the
world’s largest and most powerful particle collider the Large Hadron Collider (LHC)
[113], and the new FAIR facility at GSI [114], currently under construction, which will
deliver heavy ion beams of rare isotopes at a far higher power and quality than has ever
been achievable before.
What follows is an introduction to these facilities and the radiation and safety consider-
ations which make it necessary to consider the use of telerobotics within them.
CERN Accelerators
The Large Hadron Collider (LHC) at CERN, in Geneva, Switzerland, is the largest and
most powerful particle accelerator in the world at the time of writing. It operates at
a temperature of 1.85 K (-271.15°C), achieved by Liquid Helium cooling systems, to
thermally cool the thousands of superconducting magnets which bend and focus the
particle beam around its 27 km circumference. In 2013 and 2014 the facility has been
upgraded from an energy level of 3.5 TeV to its full rated power of 7 TeV [115].
Before entry into the LHC the particles ﬁrst pass through several smaller accelerators
to increase the speed of the particle in stages closer to the speed of light. These various
accelerators are shown in Figure 2.3. Many other experiments are performed at CERN
which do not use the beam from the LHC but use lower energy beams from these smaller
accelerator facilities.
At some locations on these accelerators, particles are removed from the beam for various
reasons, including: experiments, improvement of beam quality or in emergency cases
when the beam needs to be turned oﬀ. The thick black lines shown in Figure 2.3, such
as the North Area and East Area, are target areas where the beams collide with ﬁxed
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Figure 2.3: The LHC accelerator chain.
targets and the resultant interactions between the beam and the material are detected
and analysed for a range of scientiﬁc experiments. This is distinct to the large detectors
on the LHC (ALICE, LHCb, CMS and ATLAS) where particle beams moving in opposite
directions are collided in the centre of the detectors. High residual ionising radiation is
produced at areas of collisions with ﬁxed targets, such as the TCC2 Experimental Hall in
the SPS North Area Switchyard Caverns discussed in Chapter 3. The high energy beam
not only degrades the material properties but also activates the target materials, which
in turn means those materials produce high levels of ionising radiation for a very long
time after the beam has been switched oﬀ [116], depending on the radioactive isotopes
produced in the interaction. High levels of ionising radiation are also present in the
Collimators of the accelerator, which "strip" the beam of particles in order to narrow it
[117, 118], as there is activation of the collimation material and surrounding machinery.
GSI Facility
The GSI facility is a heavy ion research centre in Darmstadt, Germany [119]. It performs
a wide range of experiments involving the acceleration of rare heavy ions, including the
synthesis of heavy elements which had only previously been theorised [120] and successful
use of particle accelerators in brain cancer treatment [121].
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Currently the facility consists of several connected accelerators, a storage ring and
fragment separator, shown in Figure 2.4(a), next to the new FAIR facility currently
under development, Figure 2.4(b).
(a) Current GSI Accelerators (b) New FAIR facility.
Figure 2.4: The current accelerators at GSI and the FAIR facility, under development.
2.5.2 Radiation Protection within the facilities
The radiation protection at CERN and GSI operates on the basis of the As Low As
Reasonably Achievable (ALARA) principle [122]. This requires that working practices
and interventions within the controlled areas are well coordinated to reduce the radiation
dose of all workers to as little as possible. This involves such aspects as: training,
radiation-centred work management, maximum yearly dose limits for personnel and
avoiding unnecessary works.
Ionising radiation is always present in the world as building materials produce varying
levels of radiation, as do foods, rocks and atmospheric gasses. On top of this there is an
ever present source of gamma radiation, known as the "cosmic microwave background
radiation", which is hypothesised to come from the big bang [123]. However, in general
these levels are quite low and is not considered dangerous to humans from a radiation
protection perspective, with some exceptions worldwide such as those beaches which
have very high natural radioactivity [124, 125]. Within particle accelerators, on the
other hand, the ionising radiation produced by activated machine parts and material is
far higher than the natural levels and thus can cause considerable damage to human
tissue if it is exposed to the activated material.
Radiation Protection [126] is the practice of containing the eﬀects of such activated
materials to avoid damage to humans and the environment. Levels of radioactive activity
are measured in Grays (Gy), which measures the joules of radiation energy absorbed by
1kg of matter, and Sieverts (Sv) which are corrected to measure the eﬀect on human
tissue. Eﬀects of ionising radiation on tissue fall into two categories: deterministic eﬀects
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and stochastic eﬀects. The former corresponds to instant cell death, and occurs above
thresholds ranging from 0.1 Gy - 5 Gy depending on the tissue type. Radiation of these
levels must be avoided completely by workers. Stochastic eﬀects, measured in Sieverts,
correspond to a probability of genetic cell mutation, resulting in cancer. In an attempt to
limit the chance of these stochastic eﬀects occurring, the ALARA approach is employed
by limiting the time and distance of exposure of each worker to radioactive sources so
that the workers receive under a certain threshold level of radiation per year. In CERN
this limit is set to less than 6 mSv within a consecutive 12 month period or 20 mSv for
certain personnel [122].
Robotics provides one way to meet the ALARA principle. Human execution of main-
tenance and inspection procedures can be replaced, where possible, for robotic or other
automated methods. This is the central motivation for the use of teleoperation in this
work.
2.5.3 Robotics within these facilities
Figure 2.5: The TIM robot used for remote inspection of the LHC tunnel.
Currently at CERN very few operations are carried out completely by robotic tech-
nologies. Notable exceptions include the TIM robot, shown in Figure 2.5, which runs
on monorail around the LHC tunnel for remote inspection, and the recent upgrade
from Staubli to Kuka robots in the ISOLDE isotope separator facility during the long
shutdown which is currently nearing completion [22]. These robots, shown in Figure 2.6,
are used to replace and store highly activated targets.
The operations carried out by these are fairly simple in nature. The TIM robot is
essentially an autonomous train and the Kuka robots perform preprogrammed paths
in a similar manner to production line robotics, although manual override is available
on both systems for safety reasons. In contrast the works presented in this thesis are
focussed around potentially more complicated robotic handling which can be achieved
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(a) Previous Staubli robots
(b) New Kuka robots
Figure 2.6: Recent robotic upgrade at the ISOLDE facility at CERN.
with telemanipulation. Telemanipulation has previously been used in CERN in the form
of the Mantis telerobot, shown in Figure 2.7.
(a) Mantis today (b) Mantis in 1977 [127]
Figure 2.7: The Mantis telerobot used in CERN in the 1970s
In the past there has been a limited use of robotic technology in GSI, with only one
robot at the existing fragment separator (FRS) focal plane [128]. A Kuka robot is used
to remove and replace beam-line inserts using several automatically replaceable tooling
options and preprogrammed paths, shown in Figure 2.8.
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Figure 2.8: The Kuka robot currently employed at the FRS in GSI. Tool change rack
is on the right.
Future Requirement for More Robotics
Although robotics use in both these facilities has currently been fairly limited, there is
now a need for more remote handling options due to the current increase in accelerator
power. The higher power of the newly upgraded LHC and the Facility for Antiproton and
Ion Research (FAIR) facility will cause more areas to emit restrictive levels of ionising
radiation for longer time, particularly areas such as the SuperFRS which will incur many
beam losses at its focal planes.
Many of the future maintenance procedures will be infrequent and well planned for,
but some maintenance requirements will be unforeseen. Telerobotics can provide the
possibility to ﬂexibly perform these unplanned activities.
Discussion with engineers at CERN has revealed that planning for robotic manipulation
was not considered for many of the older parts of the facility, which were built at a time
when the robotic technology was simply not advanced enough, such as the TCC2 case
example described in Chapter 3. For this reason, maintenance operations are almost
entirely carried out by human engineers and, with the exception of overhead cranes,
robotic procedures have been a relatively marginal activity within the facilities up until
now, despite its long history of robotics. The standardisation of robotics procedures or
attempt to approach them formally has therefore never been implemented in CERN. A
formalised approach could be beneﬁcial when more telemanipulation is required in the
future.
The future of telerobotic handling within the FAIR facilities is an entirely new prospect
for engineers at GSI, as previously the beam energy has been low enough for robotic
maintenance to be unnecessary. Therefore, they too could beneﬁt from a formal approach
to telemanipulation. New areas such as the SuperFRS will have very high radiation,
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meaning that robotic and telerobotic approaches are obligatory. Engineers are currently
looking to other accelerator facilities worldwide for input how to best use such technology
for their needs [129, 130].
2.5.4 Super-FRS Remote Handling
One interesting application of telerobotics within the GSI facility is the remote handing
for the Super Fragment Separator (Super-FRS) area of the new FAIR facility, which is
currently being built. A case study of a speciﬁc task was taken from this area as the
Remote Handling solutions for this section are still currently at the proposal stage and
telerobotics planning is still in its infancy.
This case study is a good example where engineers could use the methods presented
in this thesis to assess their tasks and telerobots to plan the requirements for the
telemanipulation procedures.
Description of the Area
When it is built the Super Fragment Separator (Super-FRS) will be the worlds most
powerful fragment separator for exotic radio nuclei up to relativistic speeds [131]. The
main tunnel of the Super-FRS, shown in Figure 2.9, incorporates a pre-separator and
main separator which remove particles from the beam to ﬁlter out exotic nuclei for
experimentation.
Figure 2.9: The Super-FRS tunnel with points marked where remote maintenance will
be required.
At four main points within the tunnel (FPF2-FPF4 & FMF2), and other places, the
beam will be reduced in stages from 100% of the initial beam energy (up to 1500 MeV/u
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[131]) to an eventual 0.1% of the beam intensity at the end of the tunnel, thereafter
being channelled into one of three experimental branches (the high energy branch, low
energy branch and ring branches) for experimentation. Figure 2.10 shows the expected
beam losses within the Super-FRS.
Figure 2.10: Expected beam losses from Super-FRS, taken from [131]
From a radiation protection point of view the term "beam losses" can be thought of
as synonymous with "potential areas of high ionising radiation", as those high-energy
particles which are "lost" from the beam do so by interacting with the material in and
around the beam equipment. In this case most of the losses are intentional, as they are
used to remove all but the desired exotic nuclei for the experiment. These lost particles,
referred to as "fragments" are those which are stripped from the beam.
The focal plane at FP2 is situated at very beginning of the Super-FRS tunnel and as
such receives a high activation from the beam. Remote handling will be required most
often at this point, to remove and replace the beam line inserts situated there. Remote
handling surveys have been carried out for this area [129] and the target area hot cell
[130], which is situated to the left of FPF2 in Figure 2.9.
Remote Handling Requirements
Remote handling for the tunnel is mostly required for the exchange of beamline inserts.
This involves the removal and replacement of vertical cartridges, shown in Figure 2.11.
This task involves both the transportation of the new beamline insert to the correct
location within the tunnel and the installation. Challenges include the low height of the
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tunnel compared to the size of the beamline inserts, narrow widths within the tunnel
and the heavy weight of the inserts (up to 500kg).
Figure 2.11: The beamline inserts for FPF2.
Design of remote handling procedures in this area are still at the planning and com-
missioning stage and there are several possibilities which are currently being considered
within GSI, ranging from fully robotic solutions to a mixture of robot and crane. In this
case human intervention is not being considered due to the high radiation levels. The
survey carried out by remote handling engineers into Remote Handling (RH) practices
in other particle accelerator facilities worldwide [129] has provided a range of options
and outside advice.
This case is a good example where engineers could use the outputs from this thesis to
assess the task requirements for suitability with telemanipulation, and compare their
proposed manipulators before commission and purchase.

Chapter 3
Telerobotics Procedures in Scientific
Facilities
3.1 Introduction to telerobotic procedures
In order to understand how telemanipulation is used in scientiﬁc facilities such as CERN,
it is necessary to evaluate how telerobotic maintenance procedures ﬁt within the larger
framework of maintenance activities in general. Unlike the Remote Handling (RH) in
more controlled environments, such as that of nuclear fusion facilities where the RH
procedures are built into the initial design of the facility [132–134], the planning for
telemanipulation within particle accelerator facilities is often carried out in a more
ad-hoc way and at the ﬁrst stages may be performed by maintenance engineers with
little teleoperation experience. On top of this, machinery to be maintained is often not
designed with remote manipulation in mind. Fixings and connections are designed to be
operated by humans and not by robots, which have diﬀerent requirements as to what is
easy to manipulate. Discussion with engineers in these facilities revealed that systematic
planning methods for teleoperation are not well integrated into normal working practices
and no standard methodology exists to evaluate whether or not teleoperation could be
used for a procedure. As an example, this was evident during the planning of a motor
replacement procedure presented in this chapter. As a result teleoperation solutions may
not receive the best consideration due to a lack of understanding of their capabilities.
Instead, solutions requiring human intervention may be favoured due to their familiarity,
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even when there is an increase in radiation dose received by workers. Therefore, few
attempts have been made to generalise the process within these facilities in a way
that could be useful to maintenance engineers who wish to assess telemanipulation as a
solution.
In maintenance it is common for individual tasks to make up part of a much larger
set of procedures for ongoing maintenance [135]. For example, the individual sequence
of tasks required to remove one section of a particle accelerator could be part of a
renovation project, as has recently been undergone during the long shutdown at CERN
[22, 136–138] (Feb 2013 - early 2015), to improve the functioning of the entire system.
However, exactly the same sequence of tasks could instead be necessary due to failure
of a system component. The former is an example of preventative maintenance [139],
when parts have not yet failed but are known to be almost at the end of their life, whilst
the latter would be classed as corrective maintenance. Although these are very diﬀerent
reasons for carrying out the tasks, the maintenance procedure itself may be very similar
across all the cases. It is important that the planning for this procedure is able to ﬁt
into the larger maintenance schedule plan in order for it to be carried out in the most
eﬃcient way possible.
This chapter provides a generalised approach for describing telerobotics procedures
within the context of maintenance of scientiﬁc facilities such as CERN and GSI, which
could be used to aid maintenance engineers in assessing telemanipulation for their pro-
cedures. CERN has some experience with teleoperation, such as the Mantis robot
which was used in the 1980s [140, 141] and their current incorporation of the Telemax
mobile manipulator [142], and thus has some telerobotics expertise in-house. However,
the GSI facility has no experience in planning for telemanipulation procedures since
previously the energy of the accelerator beam has been comparatively low, and thus
teleoperated maintenance has not been deemed necessary in the past due to the lower
levels of radiation. The current addition of the FAIR facility [114] will mean much higher
radiation levels and so teleoperated maintenance procedures are being designed for at
this stage for the ﬁrst time. The proposals within this chapter could be used as a starting
point for the GSI designers considering a telerobotic approach and others in a similar
position.
3.2 Levels of Telerobotic Maintenance
Telemanipulation tasks within the facilities are not performed in isolation. Planning
of individual maintenance procedures must be made within the framework of larger
maintenance plans across the whole facility, which can range from small corrective
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maintenance operations taking only several weeks and involving only a single location,
up to the long-term maintenance plans for the entire facility across its lifetime, which can
encompass many years. The "long shutdown" performed at CERN between 2013 and
2015 is an example of a large maintenance operation which involves almost all aspects
within the facility. Teleoperation will be a part of that, but must be planned to ﬁt within
the larger maintenance activities.
A formalisation of maintenance activities into various hierarchical levels are proposed
here, going from the lowest level of Elemental Actions, which are proposed in a following
section as the most basic building block for describing telemanipulation tasks, all the
way up to the facility lifecycle plan:
1. Elemental Action
2. Subtask (Sequence of Elemental Actions)
3. Task/subprocedure (Sequence of subtasks)
4. Procedure (Sequence of tasks)
• Telerobotic Procedure
• Human Procedure
5. Maintenance Procedure
6. Maintenance Schedule Plan
7. Facility Maintenance Lifecycle Plan
Figure 3.1 shows the proposed concept framework within which these terms relate to
each other.
Individual teleoperation tasks are concerned with those tasks which are described below
Level 4 (Procedure), which is further broken down in Figure 3.2. This corresponds to a
connected set of tasks which are directly carried out with one or more telerobots for a
particular, common purpose.
The process by which a prospective future integration could be achieved with an existing
intervention planner currently being developed at CERN is discussed in Section 3.6.1,
which would provide the integration with longer term planning.
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Figure 3.1: The relationship between the terminological conventions used in this work,
relating the long term maintenance plans of a large scientific facility, spanning many
months or years, to individual procedures carried out with telemanipulation, spanning
only several minutes or hours. At the top level the Systems Engineering framework
proposed by OpenSE is related to these terms.
Core Concepts
To describe each level of the hierarchy of tasks, the following core concepts are discussed
in more detail:
1. A new concept of Elemental Actions is proposed and presented in a taxonomy. An
example is given of deﬁning and combining these into subprocedures.
2. Tasks and procedures are introduced, along with a proposed entity-relationship for
representation of their interdependent factors.
3. Suggestions for how to integrate telerobotics into longer term maintenance plans
are described.
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Figure 3.2: The relationship between teleoperation procedures with the lowest level of
Elemental Action, proposed in this thesis as the smallest element of human-operated
telemanipulation.
3.2.1 Example Procedure: Removal of Beam Dump Target
Description of Task
A speciﬁc maintenance procedure which was being assessed at CERN during the course of
this project is used throughout this chapter as an example to demonstrate the proposed
methodology. This procedure involved the removal of a beam dump target motor in the
Super Proton Synchrotron (SPS) North Area Switchyard Caverns (TCC2) area of the
facility, shown in Figure 3.3. The task was to replace the electric motors which raise and
lower the XTAX targets, which are massive metal blocks, as these motors were coming
to the end of their lifetime, shown in Figure 3.4. These targets emit very high levels of
radiation, as they are hit with the full energy of the accelerator beam in the case of a
beam dump (a procedure in which all energy from the accelerator is safely removed from
the beam, used for example in case of an emergency [143]).
If it were to be carried out in a teleoperated manner, this maintenance procedure would
involve a number of diﬀerent stages. Firstly, it would involve the steps which are required
in order to move the teleoperation equipment to the remote environment before the actual
maintenance could be carried out. There were very few possibilities for this stage, as the
working environment was very cluttered and so transportation of the robot by a mobile
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Figure 3.3: The SPS North Area Target Hall
(a) Beam dump targets on left
(shielded). Beam line on right (blue).
(b) Motor to be replaced (yellow) and
telerobot (green) in position.
(c) From above (d) From side. (e) Motor
Figure 3.4: CAD models and photos of the example procedure showing (a),(c)&(d) an
overview of the working area, (c) a close-up of the motor to be removed and (b) with
a telemanipulator robot placed. Photos from [144].
platform was not feasible. Thus it was proposed that a crane would be the most suitable
way to place and remove the robot (or robots) in the remote environment.
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An initial analysis of the procedure was performed and the following stages proposed:
1. Removal of obstructions, by crane, prior to procedure
2. Moving of telerobotic system into TCC2 area
3. Telerobotic Manipulation, described below
4. Removal of old motor from TCC2 area
5. Replacing of new motor into TCC2 area
6. Telerobotic Manipulation
7. Removal of telerobotic system from TCC2 area
8. Replacing of obstructions after the procedure
As is demonstrated here, the procedure would not merely involve the manipulation itself,
but also the preparatory actions which surround the task to allow the telerobot to be able
to perform the maintenance procedure. The transportation of the telerobot may also
involve other aspects, for example ensuring that the robot has suﬃcient power supply and
that the communication from the remote environment to the control centre is suﬃciently
high bandwidth to allow high-ﬁdelity video and bilateral control.
The telerobotic procedure involving the manipulation itself, Item 3, was further broken
down into the following stages. The second manipulations stage, Item 6, is merely this
same sequence carried out in the reverse order:
1. Turn oﬀ water lever
2. Disconnect pipe nut
3. Remove electrical cables
4. Remove torque limiter
5. Extract motor screws
6. Remove motor
At this level of abstraction the procedure can be broken down into subtasks and Ele-
mental Actions.
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3.3 A Taxonomy for Telemanipulation Tasks using Elemen-
tal Actions
Robotic manipulation can be described at various diﬀerent levels. Actions taken by
a robot can be described as high level commands (such as "go to home position")
which are often used in supervisory control and planning algorithms [145]. At another
level, kinematic descriptions of robotic motion such as "joint-space" and "task-space"
formulations deﬁne the motion of the robot with regards to the joint angles and Cartesian
axes respectively [146]. These are the cornerstone of robotic manipulator control and
describe the motion at the lowest level. However, these descriptions are largely focussed
on automatic movement of robots, with human control only at a supervisory level.
In the case of direct telemanipulation the most basic level of movement is deﬁned by the
human operator and therefore not at the joint or Cartesian level - people do not plan
their arm movements by thinking about Cartesian transformations. Therefore, a new
deﬁnition is required to describe telemanipulation movements at their most basic level.
A taxonomy of basic actions is proposed from which all higher-level telemanipulation
tasks in heavy-duty maintenance are built. In the following sections the methodology
will be presented by which these basic actions are combined into tasks of increasingly
higher abstraction.
3.3.1 Taxonomy Considerations
Taxonomies are a way of organising information into descriptive subgroups. The classi-
ﬁcation of movements has been used, for example, to group the diﬀerent types of move-
ments over agents moving as groups (e.g., ﬂocks of sheep, football teams, etc.) [147]. In
robotics speciﬁcally, taxonomies are often used to deﬁne the possible grasps of dexterous
robotic hands [148–151]. Though highly applicable to detailed manipulation with many
Degrees of Freedom (DoF) manipulators, these focus more on in-hand movements and
do not take into account larger movements of a robotic arm, as this taxonomy does.
The proposed taxonomy deﬁnes the possible elementary actions made by a human
operator when operating a robot for heavy-duty telemanipulation. A motion-centric
approach has been chosen as it allows for greater ﬂexibility than an object-centric
approach, which would require a priori knowledge of the object being manipulated.
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Hierarchical Task Description
As discussed, in complex maintenance schedules for large scientiﬁc facilities, telemanip-
ulation procedures can involve various subprocedures which are made up of a sequence
of subtasks. For example, the task of "disassembly of two joined parts" may involve
subtasks of: securing the part, cutting a weld line, unscrewing bolts and then disassembly
of the parts. In turn these subtasks can be broken down further into a sequence of
elemental actions, e.g., "cutting a weld line" would involve: aligning the welding iron,
following the line carefully and retreating.
One existing description of such a breakdown is the NASA/NBS standard reference
model for telerobot control system architecture (NASREM) [152] which deﬁnes a six-level
hierarchy of telerobot control ranging from the lowest level (Level 1) in which coordinate
frames are transformed, up to the highest level (Level 6) in which entire mission plans
are described. The taxonomy proposed in this section would be placed at somewhere
around Levels 3 and 4 of the NASREM hierarchy, with our elemental actions somewhat
comparable to their "E-Moves", which describe elementary movements in a sequence to
make up a single task command (such as "disassemble part"). However, our "elemental
actions" diﬀer from the "object-centric" "E-Moves", as they are "arm-centric" and thus
do not depend on the object being manipulated. This is an advantage as it does not
require knowledge of the geometry or physical properties of the environment and objects,
only those of the manipulator itself which are likely to be known long in advance.
3.3.2 Proposed Taxonomy of Elemental Actions
Our proposed taxonomy, shown in Fig. 3.5, is derived from the hand-centric, motion-
centric taxonomy presented by Bullock and Dollar [150] for the diﬀerent grasps of a
human hand. This is a good starting point as it is not object-centric, as are other
manipulation taxonomies [153, 154], and so is applicable no matter what object is
being manipulated. Our taxonomy is arm-centric and motion-centric, speciﬁcally the
motions of heavy-duty telemanipulation (heavy-duty being deﬁned here as scaled-force
manipulation of objects over 20kg). This distinction is important as the taxonomy may
not be directly applicable to smaller telemanipulation movements, such as those within
telesurgery, without ﬁrst applying some changes.
Definition of terms used in the taxonomy
General terms
These terms, introduced in Section 3.2 are deﬁned below with speciﬁc examples.
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Elemental Heavy-Duty Telemanipulation Actions
Contact Force
Movement
Rough(Fast)
Push/Pull
Fine(Slow)
Push/Pull Trace Path
No Movement
Apply Pressure
No Contact Force
Movement
Rough(Fast)
Approach Follow Path Retreat
Fine(Slow)
Approach Follow Path
No Movement
Hold Steady
Figure 3.5: Taxonomy of Elemental Actions in Heavy-Duty Telemanipulation. Actions
are defined by contact with an external object and movement of the arm. Each
elemental action is reinforced by a pictorial view of the slave end effector and type
of movement which this represents.
Task: Any high-level work to be done by telemanipulation, e.g., disassembly of two
pipes.
Subtask: The low-level work which is involved in this task, e.g., securing the pipe,
cutting a weld line, unscrewing bolts and then disassembly of the pipes.
Procedure/subprocedure: A sequence of tasks which make up a procedure. A
sequence of subtasks which make up a subprocedure.
Elemental action: One of the basic movement types deﬁned in the taxonomy. Several
of these may be involved in one subtask.
Primary axis/axes: The main axis/axes along which the elemental action is per-
formed. For example, to weld along a straight line the primary axis will be the collinear
axis.
Secondary axes: The axes which support the elemental action. For example, to weld
along a straight line the secondary axes will be two perpendicular axes to the line and
three rotational axes, all of which would be applied a Hold Steady elemental action.
Terms used within the taxonomy
These terms deﬁne the speciﬁcs required to describe any Elemental Action.
Contact Force: Contact with an external object which is either ﬁxed, such as a wall,
or being manipulated, such as a heavy iron bar. The holding of tools, such as power
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drills, does not come under this category when the high power and scaled force feedback
of heavy-duty manipulators makes them almost imperceptible to the user once held.
Movement: Intentional, signiﬁcant movement of the whole arm is considered here.
Although some movement may exist during actions, such as Applied Pressure, due to the
shaking of the operator’s arm from the applied force and weight of the master device,
these are considered as no movement.
Rough (Fast): Movements are imprecise, such as pushing a box across a table.
Accuracy is not important.
Fine (Slow): Movements are required to be precise, such as inserting a part to be
assembled or following a weld line.
Pushing/Pulling: A force is applied along the primary axis and the object being
manipulated is moving as a result of this force.
Applied Pressure: A continuous force is applied along a primary axis to an object
which does not move, such as a wall.
Path Following: A motion following a path along a primary axis which does not
require any contact force. For example, when spray painting.
Path Tracing: A motion following a path along a primary axis which does require a
contact force. For example, when scribing a line into metal.
Approaching: Motion towards a point. This diﬀers from Path Following in that the
line of movement is not as critical as the end point. Fine approaching motions may be
used to align the end eﬀector with a target, say when assembling a part.
Retreating: Motion away from a particular subtask. This diﬀers from Approaching
in that it is not likely to have an intended end point, and thus will be less controlled.
Hold Steady: The arm is held in place in space. The only force which the user applies
is that required to keep the master arm in position.
Relevant Transitions
Some transitions between these elemental types will never occur in a real task. For
example, Retreating will never follow Rough Approaching in a sequence, as to do so would
be considered part of the same Rough Approaching movement. Table 3.1 shows a matrix
of all 43 possible transitions. In general, Approaching and/or Retreating movements
happen between any of the diﬀerent types of movements, as the operator readjusts their
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Rough Pushing/Pulling x o o o o
Fine Pushing/Pulling x o o o o
Applied Pressure o o x o o o o
Rough Approaching o o o x o o o o
Fine Approaching o o o o x o o o o
Retreating o o x o
Rough Path Following o o o x o
Fine Path Following o o o x o
Held Steady o o o x
Table 3.1: Possible transitions between the different elemental actions. "o " indicates
that the transition could occur in a real-world situation.
position before beginning their next movement. The only exception to this is between
Applied Pressure and Pushing/Pulling movements, which would occur when high pressure
is required to overcome the static inertia of a heavy object. The Held Steady movement
type could happen between any stage of a subtask.
Examples of Primary Axis in Maintenance Subtasks
Table 3.2 shows examples of the common types of maintenance subtasks and their
respective elemental actions. These actions are applicable along the main line of motion
with secondary actions along the secondary axes to support the action being performed.
Observational tests were performed using the Kraft hydraulic telemanipulator, described
in Chapter 6, for all elemental actions in order to determine the correct primary and
secondary axes for each action.
Subtask Primary Axis Primary Axis Action Secondary Axes 1&2 Action
Assembly Axis of Insertion Fine Pushing/Pulling Hold Steady
Bending Line of Bend Fine Linear Motion Applied Pressure
Cutting (w/tool) Line of Cut Rough or Fine Linear Motion Hold Steady
Drilling Hole Axis Applied Pressure Hold Steady
Screwing (w/tool) Screw Axis Applied Pressure Hold Steady
Welding Weld Line Fine Linear Motion Hold Steady
Table 3.2: Example of common maintenance subtasks and their respective elemental
actions. Angular axes are not shown here for clarity but will usually be comparable to
the secondary axes.
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Figure 3.6: Example representation of the primary and secondary axes for an Applied
Pressure action, with steady pressure applied to a target. The path taken during the
associated Approaching motion is shown in black. Rotational axes are not shown for
clarity, but would each involve a Hold Steady elemental action.
Figure 3.6 shows an example of primary and secondary axes for an Applied Pressure
action. The Applied Pressure elemental action is applied along the primary axis and all
other axes apply a Hold Steady elemental action.
3.3.3 State Machine Representation
(a) (b)
Figure 3.7: GUI in which subtasks are entered in their subprocedure sequence.
The input of Elemental Actions is proposed to be carried out at the planning stage
of a remote handling intervention, when human operators are deciding what sort of a
procedure they are going to carry out with a telemanipulator. A simple graphical tool was
developed to input the relevant elemental actions for a given subtasks and automatically
generate a state-machine format, with the corresponding Approaching, Hold Steady and
Retreating elemental actions.
Figure 3.7 shows a screenshot of this tool. It dynamically creates a menu of types based
on a standard format .csv ﬁle. New types of subtask can be added to the system by
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a simple addition to this ﬁle, which speciﬁes the elemental actions which make up the
subtask, shown in Table 3.3. This set of subtask types is only required to be assigned
once and can then be reused for any procedure.
By introducing the elemental actions at the level of human planning it not only en-
courages human planners to consider what sort of actions will be performed in the
teleoperation procedure but also allows the system to be broken down in a way that
is generically applicable to robotic movements.
Type Primary Axis
Scribing follow path ﬁne
Punching (a shape) push/pull rough
Turn lever apply pressure
Insertion apply pressure
Extraction apply pressure
(Un)Screwing Nut/Bolt follow path ﬁne
Carrying heavy object push/pull rough
Table 3.3: Example of task types data file.
When task names and types have been entered, a state-machine is automatically created
following the possible transitions as described previously in Table 3.1. A series of
sequential, hierarchical state-machines is generated using the python SMACH (state-
machine-based execution and coordination system) executive controller libraries [155]
for task-level planning and integrated into ROS (Robot Operating System [156]) on a
computer running Ubuntu Linux.
Figure 3.8 shows the top level of this generated state-machine as displayed by the library’s
state-machine visualisation tool (smach_viewer) which creates a dynamic view of the
state-machine. The library has in-built capability to view the task currently being
executed, based on simple transition functions which can be simply coded at each node.
A simpliﬁed subprocedure for the task of removal of a beam dump target is shown in
Table 3.4. Subtasks are shown along with their {primary axis} and their associated
primary (and sometimes secondary) elemental movements.
Elemental Actions
Subtask Primary axis Primary Secondary
1. Turn off water lever perpendicular to lever Apply Pressure Fine Path Follow
2. Disconnect pipe nut axis of nut Fine Path Follow N/A
3. Removal of cable axis of insertion Fine Pull N/A
4. Remove torque limiter axis of insertion Fine Pull N/A
5. Extracting a screw axis of screw Apply Pressure Fine Path Follow
6. Removal of block axis against gravity Rough Push/Pull N/A
Table 3.4
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Figure 3.8 shows the top level state-machine of this procedure. This is the level of detail
at which planning for teleoperation procedures usually is provided.
Figure 3.8: Automatically generated top level (Level 0) task view of state-machine with
corresponding subtask type as entered into the .csv file.
Each individual subtask is broken down automatically into a series of elementary actions
of "Approaching > ACTION > Retreating", and the applicable transitions between these
stages are entered to the state-machine transition table, Figure 3.9.
(a) Whole procedure (b) Close-up on Task 1
Figure 3.9: Level 1 view of (a) the entire target removal procedure and (b) a close-up
of a single subtask.
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At the most detailed level, shown in Figure 3.10, each of these elemental actions is further
decomposed into a state-machine by including all possible holding actions which could be
performed during the action itself. For example, at any point the operator could perform
a Hold Steady action, while thinking about the task. During some elemental actions an
additional Rough or Fine Approaching action may be used to reorient the manipulator
before continuing with the subtask.
(a) Task 1 (b) Close-up on Task 1 Applied Pressure
Figure 3.10: Level 2 view of (a) the Task 1 and (b) a close-up of a single elemental
action, with the basic transitions between elemental actions labelled.
Complexity
The hierarchical state-machine is designed to simplify the process of advancing through
an entire procedure from the point of view of a human operator and/or any automatized
system which could monitor or carry out some part of that procedure.
To calculate the complexity of the resulting procedure the Cyclomatic Complexity metric
[157], commonly used to measure the complexity of a graph-based software system, was
used - see Equation 3.1.
v(G) = e− n+ 2p (3.1)
where v(G) is the cyclometric complexity of a system, e is the number of edges, n is the
number of nodes and p is the number of exit nodes.
In this state-machine, a node refers to a single elemental action and an edge is the
transition between elemental actions. An exit node is the ﬁnal node in a state-machine
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(i.e., the end of a procedure), which in the example case will always be 1 as the procedure
does not allow for diﬀerent possible end states.
A higher value of cyclometric complexity indicates a more complex procedure. Although
the task to be achieved may look simple from a general level (e.g., Figure 3.8) we aim to
show that at a moment-to-moment movement level even such an apparently simple task
is in fact quite complex. Thus, if this method were to be used to follow the task in real
time, it is worthwhile simplifying the subprocedure which describes the task in such a
way that the task state is detectable from moment-to-moment.
Additionally, the number of possible transitions at each node is an important factor in
the task complexity, shown in Equation 3.2.
α = max
i∈[1,n]
(ei) (3.2)
where α is the maximum number of possible transitions at any single point during the
entire subprocedure, n is the total number of nodes in the graph and ei is the number
of exit edges for an individual node. This can be compared to the maximum number
of possible transitions from any one elemental action to another αmax, which is taken
from Table 3.1 as the number of possible transitions from a "ﬁne approaching" elemental
movement.
αmax = αfine approaching = 8 (3.3)
Using the cyclomatic complexity equation on the highest level (Level 0) and lowest level
(Level 2) of the subprocedure, Equations 3.4 and 3.5, we can see that the simple subtasks
names (e.g., "turn oﬀ water lever") hide an underlying 40 times more complexity in
respect to the transitions between elemental movements.
v(G) = 7− 6 + (2 ∗ 1) = 3 (3.4)
v(G) = 121− 42 + (2 ∗ 1) = 81 (3.5)
However, despite this complexity at the level of the subprocedure as a whole, at each
individual node the highest number of possible transitions, calculated in Equation 3.6,
is greatly reduced.
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α
αmax
=
maxi∈[1,42](ei)
8
=
4
8
= 0.5 (3.6)
This would greatly reduce the problems of detection of transitions, as it means that the
set of possible elemental actions at any given point which must be evaluated to determine
the following stage in the subprocedure is never going to be more than four.
3.3.4 Potential Extensions to Elemental Actions
While the taxonomy has been developed with direct telemanipulation in mind, in which
the manipulator tracks the operator’s movements to determine the current stage in the
procedure, it could still be applicable to autonomous or semi-autonomous teleoperation,
with the autonomous system taking control of the robot during non-critical parts of the
task (such as retreating) to reduce the cognitive load on the operator.
Currently in environments where teleoperation is used, the progression from one subtask
to another is overseen by an additional operator, who has the sequence of tasks written
down. Responses from the survey of industry professionals described in Chapter 4 reveal
that telemanipulation operators commonly work for shifts of 3-4 hours on a procedure
before swapping with another operator. The question of length of shift was also raised
in discussion with staﬀ from both particle accelerator and nuclear ﬁssion facilities. Such
a long shift for such mentally strenuous work as teleoperation [158, 159] would clearly
beneﬁt from methods to ease the mental strain of tasks. Elemental actions or similar,
low level, human-centric descriptions of task could be used as the basis for automatic
progression to aid this additional operator.
As well as reducing cognitive load, this type of sequential, low-level monitoring of a
task could be used for Fault Detection Isolation [160], currently a hot topic in robotics
[161–164], which is concerned with detecting faults in a robotic system in order to improve
their robustness and reduce risk. This approach could be used to detect deviations from
a planned procedure which indicate that a fault has occurred in the system.
Planning complicated procedures in this manner can help to reduce the workload of
the additional operator during long shifts by describing the tasks at a more basic
level in a state-machine format, which would allow them to easily progress from one
subtask to another. The approach could also be extended into the classiﬁcation of the
transitions between elemental actions and thus allow the computer to advance the task
status automatically based on the telemanipulator movements. We propose that our
approach of deﬁning the elemental actions which make up any task could be a good way
of building more generalizable classiﬁers for a given system. Exact implementation of
Chapter 3 Telerobotics Procedures in Scientific Facilities 49
such an autonomous classiﬁcation would vary with diﬀerent manipulators and thus is
beyond the scope of this work, which aims to remain general.
3.4 Tasks and Procedures
Progressing one level higher in abstraction, the subtasks described in the previous section
are sequenced to produce "tasks", which in turn are sequenced to form "procedures",
Figure 3.11.
Figure 3.11: Elemental Actions, Tasks and Procedures.
Much of the telerobotics literature describes telerobotics only up to the level of subtasks,
given the general research focus on validating control approaches. However, within
telerobotic maintenance procedures (above the level of Elemental Actions and subtasks)
it is not suﬃcient to describe actions from merely a motion perspective. At higher
levels it becomes important to introduce various additional factors into description
of telemanipulation procedures to be able to carry out complex tasks. This section
describes the various factors which aﬀect telemanipulation and proposes a methodology
for incorporating those tasks into a combined framework.
3.4.1 Factors Affecting Telemanipulation Planning
Taking the example procedure of the beam dump target motor replacement, although the
instructions provided for the procedure seem to be fairly simple in nature, they in fact
require a lot of additional information about the task and what is required to be able
to carry it out. For instance, information is required within each manipulation stage
about the objects, locations and task actions which are involved in their completion.
This information could be formalised to provide a more comprehensive understanding
of the various aspects of the task. Also, addressing these aspects during the planning
phase of a task improves the likelihood that the task itself will be more eﬃcient even if
algorithmic eﬃciency techniques are not employed as the thinking itself will promote a
more structured way of approaching the task.
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Some of the added information necessary for the task instructions are outlined below, as
a precursor to the data management relationship presented later in the chapter. Some
information, such as the "positions" are not supplied within the statements themselves
and this information is required to be gathered. This knowledge would come from
operators, maintenance planning engineers and computer models of the facility.
Locations In this case there are two locations contained within the task descriptions:
the location within the TCC2 hall were the targets are situated and a second location
outside of the immediate zone where the replacement motors is held and the telerobot
is loaded onto the crane. In some cases additional locations can be added, such as a
storage area, to reduce the necessity for long travelling times between the diﬀerent parts
of the task.
Positions Positions refer to the whereabouts of individual objects within the imme-
diate task workspace, such as tools, parts and robots. Such information is relevant, for
example, when ensuring that a particular part is situated within the reachable workspace
of a telemanipulator, or in the case of a multi-robot setup, for determining whether it is
required that another robot act as a intermediary.
Tools In the TCC2 case, tools are not mentioned but it is possible that they will
be required. For example, it was determined that a tool was necessary to extract the
motor screws while the motor was still in place. In this case the awkward angle required
was too steep for the robot being assessed to perform the task alone (the Kraft system:
see Section 6.1). To overcome this, a concept tool was designed for this action, shown
in Figure 3.12. The need for custom tools is not uncommon in telemanipulation, as
new procedures become required which involve manipulations which were not originally
envisaged.
(a) Tool design. (b) A CAD setup of the task
Figure 3.12: The conceptual design of a custom tool for the example problem, to
overcome the dexterity limitations of the robot.
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In addition, the positions of tools may be deﬁned by a tool-changer, such as that used
in the ROBTET project [165]. It is important that the tool cartridges match the spaces
in the tool-changer or there may be extra operations necessary to switch between tools.
This became an issue for telerobotics engineers in CERN using the Telemax robot when
a custom designed screwing tool impeded locomotion of the robot, and thus could not
be kept in the existing tool-changer. This forced them to drive the robot out of the
hot-zone to change the tool manually. In that case the distances were not so great and
little time was added to the procedure, but if the procedure had been more complex or
carried out over longer distances, such a solution would have been infeasible.
Robots It is not speciﬁed in the instructions which robot or robots are necessary for
the task. This is normal as tasks such as this one were designed to be carried out by
humans. This is the case for most of the maintenance tasks which are carried out at
CERN. The telerobotic approach is a new one and thus one of the advantages of a
systematic approach is that it can aid in the selection process for the robots required. Of
course, the prospective robots will necessarily be limited to those robots available within
the facility.
Capabilities Although speciﬁc robots are not stated in the task, there is at least a
requirement for certain capabilities which the robot must possess in order to complete
the task. Such speciﬁed capabilities are: turning of a lever, removing diﬀerent sizes of
nut, ability to support the weight of the motor, etc.
Objects There is also an inherent reference to objects which are to be manipulated
within the task, for example nuts, pipes, etc. The positions of these parts throughout the
task should be monitored in order to maintain an accurate view of the state of the task.
In practice this can be achieved through one or more of several approaches, ranging from
simple tool changers [166], to keep track of the position of tools, up to more complicated
approaches like visual tracking systems. At the most basic level, the human operators
themselves will keep track of these objects.
Transportation Input from teleoperation engineers from CERN revealed that one
of the most overlooked and challenging aspects of teleoperation procedures is that of
transporting the RH system to the remote site. However, it is of key importance to
performing tasks with telemanipulation in real-world settings. If the robot is unable
to be transported to the work site and back without damaging accelerator equipment,
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running out of power or having to resort to human aid, then the system cannot be used
for the work, regardless of how good the control systems are.
A review was carried out into 100 references from the literature which discuss "teleop-
eration". This revealed that only 4 of those involved in arm-based telemanipulation
mentioned anything which related to transporting the robotic arm into the remote
work site [94, 165, 167, 168] while only 1 of these [167] actually addresses the logistical
challenges involved. This review is summarised in Table 3.5. The references have been
split into those involved in telemanipultion and those with Unmanned Aerial Vehicle
(UAV), Mobile or Humanoid robots, which naturally include locomotion methods and
are a diﬀerent research topic, and surgery which does not include a transportation stage
of the same type as that being discussing here.
Telemanipulation UAV/Mobile/ Surgery
Yes No Humanoid/Subsea
4 73 28 3
Table 3.5: A review of 100 references in "teleoperation", counting those arm-based
teleoperation references which address the issues of transporting the robot to the remote
site (marked "Yes") and those which do not (marked "No"). Numbers add to more
than 100 as some were review articles discussing various aspects of teleoperation.
From this, it is clear then that a disparity exists between the challenges of real-world
telerobotics and those which are addressed within the literature. This highlight the
issue that transportation is a core aspect of telemanipulation in scientiﬁc facilities and
therefore should be included in the planning stage of telerobotic procedures.
3.5 Formalising factors to aid with planning
To make the above factors useful for planning teleoperation procedures, they must
be presentable in a structured way. This will be better understood by using human
description of tasks because planning for maintenance operations is usually carried out
by maintenance operators (at least within the CERN facility), and thus is centred around
a human description of the tasks which are to be carried out as described by people who
are unfamiliar with robotics. Within the International Thermonuclear Experimental
Reactor (ITER) nuclear fusion facility, this requirement has prompted the development
of a structured planning language (ITER-Structured Language) [169]. This describes
tasks in a way which can be entered by the maintenance engineers and subsequently be
understood by planning algorithms to perform the scheduling of tasks. However, remote
handling task sequences for nuclear fusion facilities are described to a very detailed level
before real operations can be carried out, to ensure that operations are completed in
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a very controlled manner. This level of detail is not always available in accelerator
facilities and so a more ﬂexible solution is required. In any case, the process of imposing
structure on the human way of describing tasks, which can be haphazard by nature,
is a promising one to allow introduction of a systematic element to telemanipulation
procedure planning.
In this section, a systematic strategy for representing the information involved in tele-
manipulation procedures is laid out. Firstly, a methodology is proposed based on a
simpliﬁed version of Hierarchical Task Analysis to analyse the required maintenance
tasks so the procedure is fully understood. Secondly, it is proposed to store this gathered
information within a database format, to allow the possibility of future integration of
the approach into software-based task planning applications, such as the intervention
planner developed at CERN described in Section 3.6.1.
Even without integration into software this representation can still be beneﬁcial. It is
often noted, with regards to Task Analysis techniques [170], that "even if not used in
any formal way the principles of task analysis can be of considerable value in focusing
attention on relevant things to consider when designing" [171]. This conclusion is still
very relevant to teleoperation planning - imposing structure on the thought processes
behind human planning can improve the resultant design. Analysis should allow engi-
neers to approach telerobotics problems with a better understanding of the important
information which aﬀects how teleoperation procedures are carried out.
Hierarchical Task Analysis of Telemanipulation Procedures
Task analysis is the name given to a set of research methodologies within the research
ﬁelds of human factors and ergonomics. It describes a wide variety of techniques by
which tasks can be broken down in a systematic manner, with the general aim of reducing
human error [172] and improving the eﬃciency of the task [173]. These techniques are
generally grouped into two main categories: Action-oriented approaches and cognitive
approaches [172]. The former focus on observable actions which are involved in a task,
such as pressing a switch or seeing a light turn on, while the latter approaches attempt
to address the underlying mental processes involved in the task. In both cases, however,
the ultimate goal is to asses the entire task in a systematic way, accounting for each
possible point for error or ineﬃciency within the resulting model.
Crystal and Ellington [174] provide a critical review of the major groups of task analysis
techniques and Embery [172] provides a comparative evaluation of 5 common task
analysis techniques based on their suitability for various task types. The most commonly
used task analysis technique is Hierarchical Task Analysis (HTA) [173] which, as the
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name suggests, aims to break down tasks hierarchically. This begins with an overall
objective which is then is broken down into sub-objectives right down to the ﬁnest level
of detail which the analyst believes will cause errors to occur. These are then represented
graphically, in a "structure chart". This was ﬁrst introduced by Annett and Duncan in
1967 [175] to analyse the need for training within organisations but has since been used
in a wide variety of ﬁelds, most often those which are "high risk" in which the eﬀects
of human error are a prime concern, such as the energy sector, aerospace and defence
industries [176].
The HTA methodology was chosen as it ﬁtted the requirements of the work: It is an
"action-oriented approach", focussing on the physical actions to be completed for the
task; it is suitable for the design of operating procedures, such as the teleoperation
procedures in this work; and it is not concerned with the cognitive factors for the task
which, while perhaps relevant on some level, are not going to be a prime concern for
the maintenance engineers who design teleoperation procedures. Also, an approach to
its application can be simpliﬁed into the methodical posing of several basic questions,
either to obtain speciﬁc detail or gather more information about the wider perspective
of the task action [171, 177, 178]. It is proposed, therefore, that the approach should
be simple to implement for maintenance engineers not familiar with telerobotics or task
analysis. When more detail is required on the task, these questions can be generalised
into the basic form "How?", which prompts the analyst to break the task into smaller
subtasks. Its converse question "Why?" prompts the analyst to elaborate on the task in
a more abstract way and therefore move further up in the hierarchy.
Figure 3.13 shows a structure chart for the known information provided for the example
procedure.
As can be seen, even the simple factor of having to deﬁne the order of tasks prompts
the analysis to consider whether or not tasks must be sequential or can be concurrent.
The removal of electrical components, for example, can be carried out concurrently.
This is a key consideration if more than one telerobot is available to perform the tasks.
Additionally, the removal of torque limiter and electrical cables (3.2.1. and 3.2.2.) can
be completed in any order whilst the water lever must be turned oﬀ (3.1.1.) before the
pipe is disconnected (3.1.2.).
The other tasks which are not concerned with robotic manipulation can also be broken
down further, for example those involved in removal of obstructions including actions
such as disconnecting the beam line, attaching the crane to it, lifting, etc.
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Figure 3.13: The Hierarchical Task Analysis (HTA) diagram for the motor replacement
task.
3.5.1 Entity Relationship Representation of Procedures
After the task has been described hierarchically, and to gain deeper insight into the
constituent parts of telerobotics tasks, the various dependent aspects of those tasks
should be represented within some structured framework. While hierarchical action-
oriented approaches introduce such a structure onto actions in a task, they do not take
into account items, locations and other factors involved with and required by those
actions. For this it is necessary to deﬁne an approach which can represent and combine
various types of data in a logical manner.
In the modern world, structure is frequently imposed on arbitrary information through
the design of databases, which are often behind web technologies. By representing
the information within a database structure, the dependencies between items can be
described by using "primary keys" and "foreign keys". This is known as an "entity
relationship model" and was ﬁrst introduced by Chen in 1976 [179, 180]. This is now at
the core of many modern technologies [181]. In this section, the concept of databases is
introduced and a database entity design for telemanipulation procedures is presented as
a method for representing those all aspects of the tasks.
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Introduction to Relational Databases
Database Management Systems (DBMSs) are software applications which incorporate
functionality and speciﬁcation for the deﬁnition, update, retrieval and administration of
large quantities of information [182]. They are often used to hold data for businesses, such
as the transactions of an entire banking corporation, reservations of airlines, university
registrations, etc. They are highly optimised for quick, eﬃcient data access with ensured
security and data integrity. The most common form of DBMS is based on the "relational
model" proposed by E.F. Codd [183] to form Relational Database Management Systems
(RDBMSs), the most popular of these being MySQL [184], PostgreSQL [185] and Oracle
[186].
It is uncommon for robotic research to incorporate database concepts, although there
are a few studies which do attempt to incorporate DBMSs into robotic systems, such
as RoboEarth [187, 188], RoboDB [189] and similar systems [190]. These are primarily
geared towards providing a database-based repository of high-level knowledge which can
be accessed by robots to provide methods and data to aid in the execution of compu-
tationally taxing, real-world tasks. In the case of RoboEarth, cloud-based data can be
accessed globally, with additional functionality such as object recognition, which allows
individual robots to perform beyond their own computational capabilities. Other robotic
studies incorporate databases to provide training sets for learning algorithms, such as
the Columbia Grasp Database [191], or for simple data logging [192]. However, these
studies do not consider individual robots as resources within a wider Facility Maintenance
Lifecycle Plan in which the availability, capabilities and operational diﬀerences of each
speciﬁc robot are a key factor in the running of the entire system, see Section 3.2.
Unlike these database approaches, for which the smallest operational building blocks are
the sensory data and actions required for generic tasks within a human environment,
the building block for the database representation proposed in this work are the robots
themselves and the required actions for maintenance tasks within an industrial setting.
Spatial Database Systems
One of the most important factors for representing robotic capabilities within any
system is that there must be a way of storing and representing position data, such as
the 3-Dimensional point data used to hold a robot’s workspace information. Although
PotgreSQL does contain in-built capability to represent geometric information, such as
the POINT type, this provides only very limited functionality and is restricted to 2-
Dimensional space. However, the geometric capabilities of PostgreSQL databases can be
greatly extended by adding extra Geographic Information System (GIS) extensions.
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A GIS [193] is a computer system designed to manipulate geographical data types. It
provides functionality to capture, store, search and manage spatial information where
individual units of data, such as points, are part of much larger, structured data sets.
The PostGIS extension to the PostgreSQL RDBMS [185] is used in this work and
provides a set of geometry types (POINT, LINESTRING, POLYGON, etc), spatial
operators (functions to calculate area, distance, length, etc) and spatial indexes to speed
up searches to store the geometrical information about the robots being used and the
tasks to be performed, such as the 3-Dimensional points which make up a manipulators
workspace, or the 4-Dimensional points which make up a reachability map, such as those
described in Section 5.4.
Support for advanced functionality in 3-Dimensions in GIS for databases is a very new
feature at the time of writing, PostGIS providing the most 3D compatible functions when
compared to the leading alternatives [194]. Although other popular DBMSs can store 3D
coordinates, they provide little or no functionality to operate on those types, dropping
the z coordinate when such functions are called. PostGIS was chosen as the best of the
available alternatives based on its prevalence and noted quality in the literature [195].
Task Description in Database Tables
The entire representation for the entity relationship of telemanipulation procedures is
presented in detail in Appendix B. A general overview of the teleoperation factors is
provided here, with a description of how they relate to each other
Locations
Locations are represented as containing power sources and an array of procedures,
indicating the fact that multiple procedures may be carried out within the same location,
Figure 3.14. The power source which is linked with the location refers to an external
source, such as the power rail which is present in the LHC and is used to charge the
TIM robot when the robot is stationary [196]. Such a source can potentially be used to
power the telemanipulator, providing that the power source matches the type of power
(represented as a string rating_type).
Figure 3.14: Simplified entity relationship between locations and procedures.
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Power Sources
Power sources contain a type, which is noted by a code, and two arrays which must be
the same length. The ﬁrst of these, rating, contains ﬂoat values indicating the rating of
power source, whilst rating_type indicates the units. Examples of some types of power
source, although not exhaustive, are provided in Table 3.6.
Power Source Type power_type code rating_type codes Example rating values
AC Electric ELEC_AC [V,A,kWh,Hz] [240,32,400,50]
DC Electric ELEC_DC [V,A,Ah] [5,1.5,1]
Hydraulic HYDR [PSI,LPM] [1500,30]
Pneumatic PNEU [PSI,NLPM] [150,232]
Table 3.6: Example power rating types which can be entered into the power_sources
table
When referenced to locations such power sources are usually ﬁxed, for example plug
sockets or power rails. They correspond to power rating requirements of the robots
which are described below.
Tasks
As introduced earlier in the chapter, tasks are the main building block of procedures
(Section 3.2). They relate both to procedures and to the lower elements, such as subtasks
and further down to elemental actions.
The information entered at this stage would be entered according to the Hierarchical
Task Analysis (HTA) described above, with a task being, for example, "disconnect
cooling", itself made of subtasks "turn oﬀ water lever" and "disconnect pipe nut". Each
consecutively lower level is referenced by its id (e.g. subtask_id), which is assigned
sequential order according to their temporal_constraints . These temporal codings
could follow any deﬁned practice, including simply entering tasks with a sequential
numbering order. However, it is proposed that these be deﬁned in accordance with
the "Allens interval algebra" approach to temporal logic [197], which is at the basis
of the intervention planner developed at CERN and described in the following section.
It assigns temporal constraints to the tasks deﬁned notational logic. Some of these
relationships are shown in Table 3.7.
The temporal constraints are connected to other tasks within the same table, e.g.
subtasks are applied constraints to other subtasks. The implementation of planning such
tasks based on this logic is beyond the scope of this thesis, and indeed is unnecessary as
this work has already been carried out for the existing intervention planner, as discussed
below. For a detailed description of the implementation of planning such temporal logic
into the CERN intervention planner, see the work by Baudin et al. [197, 198].
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Temporal Relationship Code Graphical Representation
Task happens before b This Task
Other Task
Task happens after bi Other Task
This Task
Task meets m This Task
Other Task
Task is started by si Other Task
This Task
Task overlaps m This Task
Other Task
Task contains di This Task
Other Task
Table 3.7: 6 of the 13 Allen’s relationships which describe temporal constraints between
tasks. For more detail see [197]
It is proposed that multiple robots can be assigned to the same task or procedure,
indicating the fact that the task can be subdivided and diﬀerent parts can be assigned
to diﬀerent robots. However, when complexity of the task has been reduced to the
"subtask" level, it is generally the case that the task is in suﬃcient enough detail to be
completed by only one robot, e.g. "disconnect pipe nut". At the subtask level, multiple
robots can be used carry out the same subtask. This can arise, for example, when the
weight of a part is too heavy to be carried by one robot and another robot is required
to assist. In scientiﬁc facilities this is often achieved by a a robotic support crane which
is less dexterous than the bilateral manipulator but has a higher payload.
Parts and Tools
Parts and tools, and their dependent data types, are treated quite similarly within the
entity structure. They are both assigned to procedures and, speciﬁcally, subtasks. Both
can also be monitored within the workspace through the positions table, which contains
geometric information about zones within the task workspace, which can contain more
than one part or tool.
The grip_feature properties, if available and known for a part or tool, can be entered
into the relevant table. This is more likely to be known for a tool which, as discussed in
Section 3.4.1, may be required to be custom designed to operate with the robot. Whilst
parts within some scientiﬁc facilities are not designed for a telemanipulator, and thus
will not have a known grip feature, it is increasingly common in other facilities, such as
within the ITER remote handling, that remote handling is incorporated into all levels of
design within the facility. Therefore it is possible that grip features are deﬁned for parts
as well as for tools.
60 Chapter 3 Telerobotics Procedures in Scientific Facilities
Robots
Robots are linked to procedures, with the possibility of one or more robots being
assigned to a single procedure, Figure 3.15. This entity relationship allows robot com-
parison which is a theme of this work in general.
Figure 3.15: Simplified entity relationship for robots, capabilities and how they relate
to procedures.
Within the entity structure, telerobots are explicitly linked with very few of the other
tables regarding the task. This is deliberate, as one of the proposed uses of this entity
relationship approach is that it could be used to allow engineers to assess which robot
is most suited for their procedures. As a result, the links between robots and procedure
properties should not be applied at the time of entering information into the model,
although such information can be later updated (such as adding or removing robots
from the procedures table when decisions have been made). Instead such links should
be made at the time of query.
Example linking power sources to robot requirements
If a particular location was being assessed (for example a hypothetical "Work Area
1") and it was required to ﬁnd robots which matched the available power sources in this
area, a simple query can be used to return all robots which are compatible with the
available power sources at the speciﬁed location.
Such a query returns all matching power sources and robots pairs within that area, an
example of this is shown in Table 3.8 using assumed values.
robot_name power_source_id _type location_name
robot 1 3 ELEC_DC Work Area 1
robot 1 1 ELEC_DC Work Area 1
robot 3 7 ELEC_AC Work Area 1
Table 3.8: All matching power sources and robot pairs within the specified location.
In this example it is shown that, out of the 3 robots within the system, 2 are compatible
with the power source types within that work area. By adding the comparison clause
Chapter 3 Telerobotics Procedures in Scientific Facilities 61
("power_sources.rating >= robot_capabilities.power_rating"), the results then show
that only one robot is compatible with the power available due to the other sources not
providing suﬃcient power rating, shown in Table 3.9.
robot_name power_rating power_source_id rating power_type
robot 3 {240,10,100,50} 7 {240,32,200,50} ELEC_AC
Table 3.9: Matching power sources with sufficient rating.
Comparing the power rating by a threshold as this does is of course a fairly simpliﬁed
method of measuring power. A more sophisticated power comparison algorithm, such
as modelling of bilateral control system power consumption [199], could replace this
comparison clause and therefore gain a more realistic model of power source suitability.
(a) A 2D Hull (b) A 3D Hull
Figure 3.16: Convex Hull algorithms calculate the minimum convex polygon which
contains all points within a set. (a) shows a set of 2D random points with their
corresponding Convex Hull, shown in red, and (b) shows a set in 3D.
Robot Workspace
The workspace of the robot can also be held and queried within an entity relationship
approach, by using geometrical data types. This is done by entering a set of sampled
points into the database.
The methodology behind the generation of these types of workspace representations is
explained in detail in a later chapter (Section 5.4) and so will not be repeated here, but
all points stored will represent a reachable point within the robot’s workspace.
For eﬃcient querying to compare the workspace of multiple robots, a polygonal approx-
imation of these points can be entered by using the concept of convex hulls. A Convex
Hull [200] of a set of points is deﬁned as the minimum convex geometry which encloses
all points within the set. Test points within this Convex Hull are then summed by their
reachability value. Figure 3.16 shows an example of a Convex Hull, calculated using the
QHull implementation [201] around a randomly created set of points.
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SELECT
ST_ConvexHull(ST_Collect(point ))
FROM
reachability_points AS rp
INNER JOIN robots AS r ON rp.robot_id = r.robot_id
WHERE
robot_name = 'grips ';
Code 3.1: Query to return convex hull.
Figure 3.17 shows a top-down view of one robot’s workspace, the Grips robot (see
Chapter 6), with the calculated hull, as retrieved by the command in Code 3.1. It
is visualised within the QGIS [202] software, which provides vast functionality for visual
manipulation of spatial data within databases.
(a) 2D representation visualised in
QGIS (b) 3D representation visualised in python
Figure 3.17: The robot workspace as reachable points (blue), with convex hull
approximations in 2.5D (red) and 3D(green).
This also allows for useful functionality, such as ﬁnding overlapping regions between
the workspaces of two robots, as shown in Figure 3.18 generated from Code 3.2 using
the powerful ST_Contains function, which returned the 34084 overlapping points in an
average of 205.67 ms over 10 trials for the workspaces of 2 robots (Kraft Grips and
ABB IRB2400 described in Chapter 5) consisting of 83,615 points and 243,433 points
respectively.
This functionality would be necessary where multiple robots are required to manipulate
the same objects simultaneously, such as two arms lifting the heavy motor in the example
procedure. It would be able to return which robots are in the correct position to perform
the cooperative action and, if necessary, determine if a robot must move in order to do
so.
The use of such 2-Dimensional workspace representations could also be utilised to com-
pare the maximum size of the robot with the space available within a location, also
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Figure 3.18: Finding the overlapping workspace between two robots showing convex
hull approximations of the robot workspaces (green and red) and returned overlapping
points (blue)
SELECT
point
FROM
reachability_points , robot_capabilities
WHERE
ST_Contains(robot_capabilities.workspace_hull , point)
AND
robot_capabilities.robot_id = 16
AND
reachability_points.robot_id = 18;
Code 3.2: Query to return overlapping region of 2 robot workspaces
represented by a polyhedron. The function ST_Contains will return true only when the
second geometry is completely enclosed by the ﬁrst, meaning that the following uses are
an option:
1. ST_Contains(location.shape, workspace_hull) - would return true only if the robot
is completely enclosed within the location space, i.e. to ensure that the robot ﬁts
within the location.
2. ST_Contains(workspace_hull, position.shape) - would return true only if the robot
can reach all of the shape which deﬁnes the position, e.g. if the position deﬁnes
the motor in the example problem, a true result would mean that all points of the
motor are within reach of the robot.
Non-arm workspaces Although robot workspaces make sense for manipulator robots,
the idea is not directly translatable to mobile robots which, essentially, have an inﬁnite
workspace within a plane or, in the case of Unmanned Aerial Vehicles, in 3-Dimensions.
In this case it is proposed that the workspace_hull be ﬁlled instead with the dimensions
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of the robot or the turning circle of the robot, the latter being the more conservative
case. Which is chosen would depend on the desired usage of the robot. For example,
the width dimension of a mobile robot would be more suitable if the robot is only ever
required to move back and forward along a narrow corridor without turning.
Overhead robotic cranes may also be accounted for by considering their workspace as
comprising all areas which they can reach in the facility. Sawodny et al. [203], for
example, demonstrate how robotic control techniques can be applied to an automated
gantry crane to obtain a large workspace robot of volume 1.8 km3. Abderrahim et al
[204] extend such an approach with a graphical interface.
Degrees of Freedom Similarly to workspace, the available degrees of freedom of a
mobile robot are not deﬁned in the same way as arm robots. One way to deﬁne DoF
of a mobile robot is simply by its degree of maneuverability, δM , which is described
by Siegwart et al. [205] as being a combination of its degree of mobility, δm and its
steerability δs. These provide a concept of DoF which can be thought of as "the robot’s
ability to achieve various poses". Extra information can also be included about mobile
robots with the concept of diﬀerentiable degrees of freedom (DDoF), which is described
as "the robot’s ability to achieve various paths". Work on the application of mobile robot
motion planning and control within large scientiﬁc facilities has been covered extensively
by Oftadeh et al [206–208].
3.6 Linking telerobotics with longer term maintenance
Above the level of tasks and procedures the incorporation of telemanipulation within a
facility becomes part of the project management and intervention planning of the whole
facility, Figure 3.19. This means that teleoperation procedures must be planned along
with other interventions, for maintenance and other purposes, which will be carried out
by human workers, robots or a combination of both.
Figure 3.19: The link between telerobotic procedures and higher facility maintenance.
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Eﬃcient planning for long term maintenance operations in large facilities is an integral
part of the correct running of the system. Delays in maintenance, for whatever reason,
often translate directly into reduced beam time of the accelerator, meaning a loss of
Reliability and Availability of the machine for physics experiments. A core concept in
the systems engineering of any facility is the Reliability, Availability, Maintainability
and Sustainability (RAMS) approach [209], which aims to maximise these four factors
to ensure that the system meets its design requirements. Within CERN, methods for
the ensuring eﬃciency of maintenance scheduling are incorporated into the facilities by
means of intervention planning, such as through the use of the Intervention Management
Planning and Activity Coordination Tool (IMPACT) [210] which allows maintenance
workers to plan their interventions in a centralised manner. In this way all interventions
(be they maintenance or other) can be coordinated across the entire facility to ensure the
maximum Availability of the accelerator machines, and also to reduce ionising radiation
exposure in accordance with the ALARA principles.
A good introduction to the existing planning and scheduling systems used within CERN
is provided by Baudin et al. [198], with current developments for a more optimised
intervention planning systems in the facility provided in [197, 211, 212]. In general these
approaches are aimed at reducing radiation exposure to human workers. As such they
do not make speciﬁc provision for the peculiarities of robotic and telerobotic procedures,
although robots themselves can be entered as a "resource" in the planner described in
[197] in the same way that a tool resource, such as a screwdriver, would be entered.
To pave the way for future incorporation of robot-speciﬁc properties into such interven-
tion planners it is required ﬁrst to understand what aspects are involved in telerobotic
operations and how these aspects can be presented in a structured manner. The works
presented in this chapter have contributed a structuralisation of telerobotic procedures
in such a way that that they could be incorporated into these intervention planners in
the future, or as the basis for recommendations of design practices for teleoperation for
maintenance
3.6.1 Integration with intervention planning software
The entity relationship for describing teleoperation procedures presented could be ap-
plied into informatics systems within scientiﬁc facilities as the basis for describing their
teleoperation resources within those systems in order to integrate that information into
intervention planning software. One such possible software is the DSM based planning
software also developed as part of the PURESAFE project [197, 198]. Although the
purpose of this software is reduction of radiation dose, it is conceivable that in the future
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the increased requirement for telerobotic interventions could necessitate integration of
more telerobotics speciﬁc factors into the software than the current provision for "robotic
resource" allows in the software currently. Figure 3.20 shows some screenshots of this
intervention planner.
(a) Task list view with calculated radiation dose for each stage.
(b) Gantt chart view, with tasks optimally organised.
(c) Total radiation dose and time calculated for multiple solutions of procedure.
Figure 3.20: The intervention planner currently in development at CERN as an example
of a system to integrate these telerobotics concepts into.
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3.7 Summary
This chapter has proposed a generalised way to describe telerobotic procedures within
the context of maintenance of scientiﬁc facilities. It has provided a hierarchical ap-
proach for maintenance engineers to assess their required procedures for suitability with
telemanipulation.
This hierarchical approach for describing procedures has been presented starting from the
lowest level of Elemental Actions, which have been proposed here as the building block
actions for telemanipulation tasks. These have been applied to an example maintenance
problem from CERN and broken down into a state machine representation.
At a higher level of abstraction, telemanipulation procedures and tasks have been de-
scribed with regards to their dependent factors and these have been incorporated into an
entity relationship scheme which could be used in future as a basis for database software
to aid planning of telemanipulation within these facilities.
The linking of isolated telemanipulation procedures has also been linked to longer term
maintenance planning and a proposal for the integration with an intervention planner at
CERN, also developed under the PURESAFE project, has been made.
The proposals within this chapter could be used as a starting point for maintenance
engineers who are new to teleoperation, such as the GSI designers of remote handling
within the Super-FRS facility and others in a similar position.
One highly important application of such a formalisation would be to allow maintenance
engineers to choose the telerobotic systems which best suit a particular procedure.
Following on from these contributions, which are relatively abstract in their description
of telemanipulation tasks, it is necessary to ground the work in a knowledge of real tasks
which are performed in industrial environments, and subsequently propose comparison
methods between diﬀerent systems. The following chapters provide such knowledge.

Chapter 4
Task-oriented Survey of Telerobotics
Experts
Telemanipulation systems are commonly used for a fairly narrow variety of manipulation
tasks. However, despite this, as discussed in Chapter 2, there is a general lack of varied
tests within the wider telemanipulation literature, with most studies centring around
only a few tasks. Therefore, little information can be found regarding the actual tasks
which are carried out with telemanipulators in real-world settings.
In this chapter, this lack of information is addressed by speciﬁcally investigating common
tasks performed with telemanipulation in real settings. This is achieved by directly sur-
veying telerobotics experts and analysing the responses to determine the most common
tasks which they perform, or would like to perform, with telemanipulators. Thus, the
contribution of this chapter is a set of new information relating to telerobotics tasks to
move some way towards ﬁlling this fundamental gap in the literature.
4.1 Tasks from the Literature
A review of telerobotics literature was presented earlier in Chapter 2, Section 2.4 to
draw information about what tasks are used in telemanipulation studies to verify their
research developments.
In general, the majority of these were peg-in-hole and block stacking tasks. These tasks
were generalised by the introduction of quantiﬁable metrics by specifying the tolerances
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required for the pegs, as discussed between various peg-in-hole implementations pre-
sented by Hannaford et al. [72]. For a generalised block-stacking task the lego block
based "Toy Problem", proposed by Yokokohji et al. [69], deﬁned three categories of
tolerances based on the diﬀerent types of lego bricks.
4.2 Survey of Industry Experts
In order to ensure that the proposed test for the comparison of telemanipulators be based
on a correct representation of how such robots are used in the in industry, interaction
with several experts within the ﬁeld of teleoperation was deemed to be necessary.
Although it makes sense that those in the best position to provide realistic and useful
information about the working practices within any industry are the people who work
within that industry, there is surprisingly little robotics research which directly consults
industry experts about practices with their telerobots. The reasons for this could be
related to: access (researchers ﬁnd it diﬃcult to contact industry professionals due to
lack of networking opportunities with business); speciﬁcity (the nature of industry means
that requests for information are often treated in a very "question-answer" basis, whilst
academic research is usually a far more iterative process, with research questions by
nature being loosely deﬁned); reticence (researchers may be reluctant to contact industry
professionals for various reasons); and politics (researchers may be unlikely to contact
industry unless they are actively shown to be "giving something back" to the industry,
to pave the way for future collaborations).
Whatever the reasons, in order to successfully develop a test suite for telemanipulation
robotics it was ﬁrst required to contact expert professionals who use telerobotics within
diﬀerent industrial and research settings to ascertain which tasks should be included
in such a test. In this way the developed tasks would be sure to reﬂect the true
needs of those people using telerobotics in "real-world" settings. It was decided that
a long-form survey was the best approach for this feedback as it allowed respondents to
answer the questions whenever their busy schedules allowed and also, with the added
provision to save their responses, allowed them to come back to the survey on multiple
occasions if required to complete the survey in stages and thus be ﬂexible to their
needs. By implementing the survey using internet technologies this also ensured that
the respondents were not restricted by geographical location and thus the most suitable
respondents could be contacted regardless of their physical location. The construction
of this survey is described in this section and is followed by the analysis of the results
for the core aim of the development of physical within the test suite proposed in this
chapter.
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4.3 Data Collection
4.3.1 Construction of Survey
Through the survey of industry professionals it was required to ﬁnd out the answers to
the following questions:
• What type of tasks are most often performed with telemanipulators?
• What tasks would operators like to perform but are unable to? Why are they
unable to perform them?
• How are telemanipulation operators trained?
• What tasks must operators be able to perform before they are permitted to work
in the real work environment?
• Which tasks do operators ﬁnd most diﬃcult to perform and why?
• Which are the tasks that teleoperators ﬁnd easiest to perform and why?
• In a suite of tests for the benchmarking of telemanipulator performance, what tests
would the experts like to see included? Which aspects of telemanipulation would
these test?
These questions aim to establish the following things:
• What are the most common across diﬀerent industrial settings?
• What are the limits of telemanipulation?
– What tasks are considered commonplace?
– Is anything considered "beyond the technology"?
– What is considered "beyond teleoperation" (technology aside)?
• What are the parts of telemanipulation which infringe on performance?
– Which of these are the "standard" teleoperation problems (such as time delay,
jitter, force reﬂection, etc)?
– Are there any "non-standard" problems?
• What do most people in the industry ﬁnd to be indicative of good performance in
teleoperation?
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Advanced Survey Techniques
As is discussed by Dillman et al. [213], web-surveys and questionnaires are a very popular
method for getting data from many respondents for very little cost. However, as they
explain, the format of web-surveys and technology-speciﬁc challenges that are associated
with them make them quite diﬀerent to the traditional, paper and phone based survey
techniques. They propose several criteria for the achievement of respondent-friendly
questionnaire design, which aim to tackle the most common sources of surveying errors
proposed by Groves [214]. They use these criteria, which are discussed below, to propose
11 principles for the design of web questionnaires, which were used to formulate an
optimal survey for this thesis. Optimal in this case means one which is able to promote
respondents to enter the most useful information for our purposes.
Since the paper of Dillman et al. [213] was written, some 4 years ago, the practice of
web surveying, which was relatively new at the time, has become commonplace in the
modern world and is very widely used [215]. However, as is evidenced in the multitude of
internet surveys in the modern day, it is apparent that principles such as those presented
by the authors are not commonly followed by survey designers, and that many of the
predicted problems with web surveys have become compounded over time instead of
lessened, with the advent of more "ﬂashy" technology, as the authors refer to it, which
can be added to web surveys.
It is important that the survey designed for this study be as optimal as possible - i.e.
as much information as possible should be gathered during the survey itself with few
follow-up questions. The reason for this is that it was sent to members of the robotics
community who are experts in their ﬁelds. The survey had to be optimal to use up as
little of their time as possible, both because they are likely to be very busy but also
because the more time they are required to complete the survey the less amount of time
they are likely to devote to each subsequent question and provide useful information
through it, an eﬀect which comes under the heading of "order eﬀect bias" [216, 217]
which have been noted to varying degrees across studies. For this latter reason, the
necessity of sending a second survey to clarify any data which was not gathered in the
ﬁrst survey due to bad survey design was unacceptable.
The three design criteria proposed by Dillman et al. [213] for respondent-friendly
questionnaire design are:
• The design must consider that all respondents may not be able to access "advanced
programming features". Despite recent standardisation of most common browser
capabilities with the advent of HTML5 and CSS2 there are still diﬀerences between
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browsers which mean that survey designers should test the survey on several
machines and browsers to verify that it is rendered correctly.
• The design must consider and balance the logic of how respondents expect ques-
tionnaires to operate and how they expect computers to operate. Computers and
traditional questionnaires follow diﬀerent logics in the expectations of responders
due to their past experiences of both. Following the logic of website design, for
example, may not be the best approach to a survey, as it may lead responders to
forget about the questionnaire structure. On the other hand, following the format
of a paper questionnaire too rigidly (for example, by having the responder scroll
down through all the questions) may cause frustration when the use of technology
(e.g. placing questions on diﬀerent web pages) may reduce this.
• The design must consider the likelihood of the use of the survey in mixed-mode
situations. This criterion is not very relevant to this thesis, as the survey will be
completed by responders on-line only, but relates to the fact that web surveys are
sometimes also used as the basis for phone surveys.
"Check-all-that-apply" questions
One particularly important point that authors make is that "check-all-that-apply"
questions (where respondents must choose more than one answer to a multiple choice
question) have been proven to produce diﬀerent responses in phone surveys than in
surveys completed online due to the the format in which the questions are asked - on
the phone the respondent is prompted to answer "yes" or "no" to each option before
proceeding to the next one, whereas online the options are merely listed with a check
box for each option. It has been shown [218] that this results in a bias towards options
higher up the list, and as such the authors warn against any use of such questions in an
online survey, particularly in questions with many options.
From these criteria, the lessons taken in the design of this survey are that the ques-
tionnaire should be simple, and avoid "fancy" graphical techniques where simpler ones
would suﬃce. The logic of the questionnaire will be carefully considered at each point,
and the use of question types which are known to cause bias in their responses (such as
"check-all-that-apply" questions with many options) will be avoided.
Principles for web survey construction
Dillman et al. [213] also identify 11 principles for composing web surveys which will
be drawn on for this work. They are listed below, along with how the principles will be
put in practice in the survey used in this work. Closely related principles are grouped
for brevity.
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Principle 1 - Introduce the questionnaire with a welcome screen that is
motivational and emphasises that the survey is easy to respond to.
One of the uses of the data gained from this survey will be to act as a starting
point for the development of telerobotic benchmarks for the telerobotics guidelines for
the openSE Systems Engineering Framework, currently being developed at CERN and
which this work is one of the core components. As the responses will thus be fed back
into the robotics community through this prestigious outlet, which will allow the lessons
learned to reach a wide readership, this should be explained to the respondents in the
welcome screen. This will increase their motivation to complete the survey, and in more
depth, than were the data merely to be used for a single research paper, as web based
research surveys are so often used that reticence has built up in potential respondents
[219].
Principle 2 - The first question should be fully visible on screen and easily
understood and answered by all respondents.
The authors discuss that that the ﬁrst question in any survey is of vital importance.
They explains that respondents judge the diﬃculty level of a survey from the ﬁrst
question. They also use it to judge whether or not they will be interested in completing
the survey, and for this reason Dillman [220] explains that demographic questions which
ask about the respondent themselves should not be placed in the ﬁrst question, a practice
which is woefully common despite this advice. The ﬁrst question in this survey will, like
the welcome screen text, be chosen to increase the participants interest and thus continue
with the survey.
Principles 3, 4, 7, 8 and 9 - Questions should follow conventional, paper-
survey format with no hidden text or required answers and should follow on
from each other in a linear way.
Although the use of web surveys is more common since these principles were proposed,
it is notable that the most popular platforms for web survey, e.g. SurveyMonkey
[221], Google Docs [222] etc, follow the same logical ﬂow as traditional paper surveys.
Although, some platforms which utilise more complicated web design concepts, such as
animation at, this principle proposes that these should not be used, and thus the more
simple formatting approaches will be used in this survey. Required answers should be
avoided but a "I’d prefer not to answer" option should be included for this, as proposed
in the guidelines.
Principles 5 and 6 - Instructions on how to respond to each question should
be provided as part of the question and should clearly state which computer
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action (e.g. Press Enter, Click Button) is used.
These principles are of great importance to this survey, as the open-ended question
format which is proposed for most of the questions could easily cause confusion for the
respondents as to how to respond correctly. The questions will be worded carefully and
clearly, using an iterative design process to ensure they are as clear as possible, and will
be tested on "dummy-respondents" prior to sending of the ﬁnal survey. Whether or not
example answers are necessary will also be considered.
Principle 10 - Include a clear, visual representation of the percentage of the
survey which has been completed.
It has been shown that some people do not complete some questionnaires even when
there are only a small number of questions remaining. Graphics which inform the
respondent how much more of the survey they still need to complete have been shown
to reduce this. Thus we shall include an easy to understand graphical indication of this,
to improve the chances that respondents will complete the survey until the end.
Principle 11 - Avoid questions with known measurement problems, such as
check-all-that-apply and open-ended questions.
The problems with check-all-that-apply questions have been outlined above, and such
their use will be avoided to ensure no bias as is caused by such questions. However, open-
ended questions cannot be avoided in this survey as the exact type of answers which will
be given are not known before the survey. For this reason, existing research approaches
to improving the response of open-ended questions will be investigated to reduce the
errors inherent in such questions. Shannon et al. [223] provide a good example of how
to present results from such open-ended questions, and use of existing thematic analysis
techniques is discussed in detail in Section 4.5.
Additional principles have been drawn from the study of survey professionals carried out
by Shannon et al. [223]. 64 professional web-survey designers were asked to give advice
on tackling the issues most pressing in web survey design.
Pre-notification of survey participation
The authors stress the importance of pre-notifying respondents through email prior
to sending them the survey itself. This decreases the chance that respondents will view
the survey as spam and adds credibility to the survey. They also encourage personalised
cover letters be sent along with the survey itself and follow-up mails after the survey
response has been logged. These practices are very important to the credibility of this
survey and thus will be carried out.
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Confidentiality It has been demonstrated [223] that survey professionals agree that
one of the most pertinent limitations of web-based surveys is conﬁdentiality and lack of
privacy. As information is not guarded by the inherent conﬁdentiality of paper-based
questionnaires, the problems of data protection online must be tackled when conducting
surveys, particularly those in which the answers may contain data which is wholly or
partly conﬁdential. As this survey will be completed by professionals within the robotics
industry, and as the questions regard the use of their robots in real projects, it is highly
likely that the responses could contain conﬁdential information. Indeed, if the survey is
successful in its aim to prompt respondents into giving detailed answers, it is inevitable
that such classiﬁed information will be included. Thus, it is of great importance that the
data entered is saved on a secure server, and that no access can be made to that data
by anyone other than the individual respondent and the administrator. Additionally, it
is of great importance that the details of these safety measures are explained well to the
respondents, both in the pre-notiﬁcation email and in the welcome screen of the survey
itself, before they complete the survey, so that they do not feel that they need withhold
information if they doubt the conﬁdentiality of their responses.
It was initially proposed to use one of the many online survey tools, previously mentioned,
to create this survey; however, taking into account the privacy of data issues, it was
decided instead to host the survey on a private server within the laboratory and to create
the survey using the LimeSurvey PHP framework [224], which provides functionality for
token access to surveys, ensuring that only those invited can complete the survey, and
password protection for partially completed survey responses.
Benefits of an Open-Ended Survey Approach
As discussed by Jackson and Trochim [225], an open-ended approach to survey questions
is often used to gather new information about a topic, with more possibility to gather
diverse, honest and detailed responses than closed-end survey types and requiring much
less time and capital investment than more involved qualitative methods such as focus
groups and personal interviews. They note some limitations of this approach, in the form
of incomplete responses, eﬀects caused by the researchers’ coding decisions and a time-
consuming analysis phase. However, they explain that the correct choice of approach to
the analysis of responses can make better use of the open-ended response data.
4.3.2 Question Groups
Following the guidelines described above, the LimeSurvey PHP framework was chosen
within which to create the survey of industry professionals. This framework follows a
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structure where questions are organised into "question groups" within which questions
are related to each other by topic.
The following question groups were devised for the survey:
1. Current Use
2. Beyond Current Use
3. Training of Operators
4. Operator Skill
5. Benchmarking
After the survey was tested by beta testers a further category was added.
6. Task Diﬃculty
Question Group 1: Current Use
The purpose of this question group was...
Questions took the form of open-ended, long text responses for the questions:
1. What type of tasks do you most often perform with telemanipulators?
2. What do these tasks involve?
Question Group 2: Beyond Current Use
The purpose of this question group was...
Open-ended, long text responses were required for the questions:
1. What tasks would operators like to perform but are unable to?
2. What aspect of the teleoperation system is it that restricts this task?
3. What are the factors which you would need to improve to be able to achieve these
tasks?
4. Are there any tasks which you believe could never be possible with teleoperation,
even with ideal technology? Why?
A small, multiple choice response was required for the question:
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5. Which of these areas are the most restrictive for the tasks in general?
• Technological Limitations of Control Systems
• Technological Limitations of Cameras/Video Setup
• Viewing Limitations of Video Setup
• Operator Skill
• Other (please specify)
Question Group 3: Training of Operators
The purpose of this question group was...
Following a simple yes/no answer for the question:
1. Do you give training to human operators in the use of the telerobot?
open-ended, long text responses were required for the questions:
2. Please describe training which human operators receive or (if no training exists)
how they increase their skill with the system
3. How do you measure the level of performance of your human operators using the
telemanipulator before they can perform real procedures?
4. What would improve this training? Do you use any standardised tests for teleop-
eration skill and how can they be improved?
Question Group 4: Operator Skill
The purpose of this question group was...
Open-ended, long text responses were required for the questions:
1. What tasks do human operators ﬁnd most challenging to perform using a telema-
nipulator?
2. What do these tasks involve?
3. What tasks do operators consider "easy" to perform?
4. What do these tasks involve?
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Question Group 5: Benchmarking
The purpose of this question group was...
Open-ended, long text responses were required for the questions:
1. What tasks could be used to compare the performance of diﬀerent telemanipula-
tors?
2. What would these tasks involve?
3. What factors are the most important to include in tests for benchmarking telema-
nipulators?
Question Group 6: Task Difficulty
The purpose of this question group was to provide a numerical scale for the various
tasks described by the participant throughout the survey, to obtain the relative impor-
tance and challenge of the tasks they discussed.
In order that the participant need not click back through their survey responses to
remember how they had answered, a dynamic labelling technique was used which pro-
vided their previous answers to them with a rating scale for each response. In the cases
where their previous answers were worded clearly and succinctly this provided adequate
information for them to be able to provide a rating. However, one limitation of this
approach which must be noted is that where respondents were less clear in their answers
this dynamic labelling caused these questions to be unclear to them and they were only
able to respond with the option "Don’t Know/No Answer".
The following questions required answers on a 10 point Likeart scale [226], with a "Don’t
Know/No Answer" option.
1. Rate the relative diﬃculty of the tasks provided in your previous answers on the
scale:
1 "Easy" · · · 5 "Standard" · · · 9 "Extremely Difficult" 10 "Impossible"
2. Rate the relative importance of the tasks provided in your previous answers on the
scale:
1 "Easy" · · · 5 "Standard" · · · 9 "Extremely Important" 10 "Crucial Functionality"
4.3.3 Beta-Testing Phase
Before the survey was sent to the actual participants, a beta testing phase was carried out
wherein the survey was sent to 6 researchers, some within the ﬁeld of teleoperation but
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mostly from other robotics research ﬁelds. These beta-testers were provided a modiﬁed
version of the survey which included an additional long-text response box in which they
could provide feedback on the survey itself. In all other aspects the survey was exactly
the same as the ﬁnal version.
They were asked to comment on how the questions were worded, how they could be
improved and suggestions for further aspects to be added to make the survey more
complete.
This beta-testing phase ensured:
• The correct and clear wording of questions
• That questions covered all the required concepts with nothing missing
• That technical diﬃculties were solved before the survey.
• That the token system and email notiﬁcations were functioning correctly.
Following this beta-testing phase, certain changes were made on the following aspects
of the survey design. These were made to improve on several factors including technical
bugs in the survey, such as undesirable limitations on ﬁle upload size, unclear wording
of some questions and the addition of a further Question Group, Task Diﬃculty, which
has been described above.
The ﬁnal survey questions have been presented above and Figure 4.1 shows a screenshot
of one page of the survey within the LimeSurvey PHP environment.
4.4 Survey Participants
The survey was sent to 7 participants from various sectors within the ﬁeld of telerobotics,
from a variety of leading institutes in the use of telerobotics both for research and
in industry including Harvard, DLR, CERN, OTL, TUM and UPM. For reasons of
conﬁdentiality, the names of participants are not given here. However, the respondents
were grouped loosely based on the following categorisation:
Sector N. participants
Telerobotics Researchers 4
Industrial Telerobot Users 3
Table 4.1: Number of survey participants grouped into expertise category.
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Figure 4.1: A screenshot of one Question Group of the survey within the LimeSurvey
environment.
4.5 Analysis of Survey Responses
As the survey contained mostly open-ended questions, with a relatively small number of
respondents, responses cannot be analysed using purely quantitative methods. Instead
the information was far more suited to applied thematic analysis [227]. Thematic
Analysis is a set of methods by which qualitative data is processed to either prove or, more
often, create hypotheses. This processing is distinct from quantitative methods, where
numerical methods are used, in that it involves proportioning structured meaning onto
subjective statements which are gathered through inexact means, in this case through
open-ended questions.
These methods are suitable for this application as the responses from participants were
provided in the form of long-form text, which by nature is unstructured, repetitive
and incomplete. Thematic analysis involves separating the statements provided by
participants and grouping them into "themes", using one or several of various possible
methods. These "themes" are expressed within the responses in the form of "expressions"
[227]. In this way, the analysis of responses moves away from the haphazard wordings of
the of individual responses towards a deeper understanding of the responses as a whole.
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Braun and Clarke [228] discuss that thematic analysis is often poorly presented in
research papers, which often talk of themes "emerging from the data", e.g. [229], but
provide little explanation on the steps undergone to produce these themes.
Braun and Clarke are coming from the perspective of the research ﬁeld of psychology,
wherein qualitative methods such as this are quite common. However, as the use of
qualitative methods such as thematic analysis is far less common within the ﬁeld of
robotics it is necessary to describe the process here in enough detail that its beneﬁts
from a scientiﬁc viewpoint can be adequately understood.
As discussed by Bernard and Ryan [230] the analysis of long or short form text responses
consists of ﬁve complex tasks. These are:
1. Discovering of themes and subthemes
2. Describing the core and peripheral elements of themes
3. Building hierarchies of themes
4. Applying themes by attaching them to chunks of text
5. Linking themes into theoretical models
The ﬁnal of these, development of theoretical models from the data, is relevant only to
studies where the goal of the work is to identify generalisable models from the data, such
as in grounded theory [231, 232]. As the main goal of the survey was solely to obtain
input about the types of tasks which should be included in the telemanipulation test
suite, this is not of importance and thus was not carried out.
Braun and Clarke [228] further decompose the task of "discovering themes" into ﬁve clear
steps. They explain that by setting out the steps of thematic analysis in such a way, the
resultant themes which are produced are less abstract, or "fuzzy", and in doing so they
demonstrate the methodology in a way which is easily understandable and replicable by
other researchers who wish to carry out similar analysis.
The steps they propose are:
1. Familiarising yourself with the data.
2. Generating initial labels.
3. Searching for themes.
4. Reviewing themes.
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5. Deﬁning and naming themes.
These steps are carried out below in an analysis of the responses collected through the
above mentioned survey.
Step 1: Obtaining Familiarity with the data
Familiarity with the data was obtained by reading and re-reading the responses several
times. This was done in two ways. Firstly, all the responses from each respondent
were read as a whole. This allowed the individual answers from each person to be
understood as part of a continuous narrative, providing an understanding of the themes
which were important to that respondent and allowing any cross-referencing made to
previous question responses to be understood within the context in which they were
presented. Secondly, the responses from each question group, described previously in
Section 4.3.2, were read across all respondents in order to identify commonalities and
distinctions between the various responses.
Step 2: Generation of initial labels
Initial labels were drawn from the survey responses by splitting the responses into indi-
vidual phrases and grouping similar quotes and expressions, as proposed by Lincoln and
Guba [233]. The ﬁve themes drawn from this approach were understandably inﬂuenced
by the question groups and, in no particular order, are given below:
• Restrictions on task performance
• Description of the task action
• Metrics
• Reasons for performing tasks
• Objects being manipulated
The responses were then further divided into expressions and one of these initial labels
was applied to each expression [230].
An example of how these initial labels were applied to the expressions in a speciﬁc quote
from the survey is given for the following quote:
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"dragging tray or bucket to recover water"
This quote was, in this case, assigned to the following three labels:
Expression Label
"dragging" Description of the task action
"tray or bucket" Objects being manipulated
"to recover water" Reason for performing task
As noted by Attride-Stirling [229], thematic analysis is by nature a subjective process,
relying on the interpretations of the researcher to extract meaning and derive themes
based on their own perception of the signiﬁcance of individual statements. Thus a
limitation is recognised that themes identiﬁed by one researcher may be diﬀerent to
those identiﬁed by another. Bernard and Ryan [230] suggest that to lessen this eﬀect,
particularly in very large studies containing highly subjective data, multiple researchers
perform the thematic analysis separately and then the resultant themes and subthemes
be amassed and further reﬁned based on these multiple perspectives. However, in the
case of this survey the size and complexity of responses was not deemed suﬃciently large
to necessitate such an approach.
Step 3: Division of labelled expressions into themes
The labelled expressions were then collated and were assessed by how each label was
inﬂuenced its surrounding expressions. One notable pattern was that tasks were often,
but not always, paired with those objects on which the task was performed or which
were used to execute the task. This led to the following themes:
1. Objects and their corresponding task actions
2. Task actions and their corresponding objects
These three themes were deemed the most relevant of the 5 initial labels as they corre-
spond directly to the core aim of the survey - to create a test suite for the assessment
of telemanipulation performance. Additional analysis on the two remaining labels, "re-
strictions on task performance" and "reasons for performing tasks", was not performed
because although they were evident in the data, they were not as prevalent as those within
the other two categories. Although some labelled expressions with the "restrictions on
task performance" labelling did provide some interesting insights, most were not directly
applicable to the core aim and could instead be promising avenues for future research.
Those which were deemed relevant have been added separately in Section 4.5.1. It was
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decided that those expressions marked as "reasons for performing tasks" were not directly
relevant to the development of a generic test suite, as tests should not be speciﬁc to any
particular setting.
In accordance with stage 3 proposed by Bernard and Ryan [230], these themes were then
applied back to chunks of the text. They were then arranged in a hierarchical format to
promote the subsequent categorisation of themes into subthemes.
Objects and their corresponding task actions From the labelled responses, those
expressions marked as "objects being manipulated" were extracted and paired with their
corresponding task actions.
These were then grouped into larger categories, attempting to assign tasks to broader
categorisations at each stage of the process. The categories established through this
method are shown in Figure 4.2.
Objects mentioned in survey
and corresponding task actions
Non-Objects
environmenthuman
Objects
small
components
Hand-held
sensor
fragile
objects
compliant
heavy
objects
rigid
Mechanical
objects
Figure 4.2: The highest level categorisation for objects described in the survey.
At the highest level, objects were divided into objects and non-objects with the vast
majority of expressions being assigned to the former category. Examples of non-objects
included human and environment. The objects category was further subdivided based
on common descriptive characteristics of the objects within those categories or, in the
case of hand-held sensors based on their functionality.
By far the largest category was mechanical objects which was deﬁned by the umbrella
category of rigid objects. This category not only exhibited the most examples in the
responses but also contains the most subcategories, shown in Figure 4.3.
At the lowest level of object categorisation were the actual actions which were quoted
to be performed on the objects from the expressions within the survey responses. An
example of this level of the tree is shown in Figure 4.4 where the Cable and Wires
category, itself a subcategory of compliant objects, is shown in an expanded state,
including not only categorisations but speciﬁc types of object, such as High voltage
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Mechanical
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hex
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parts
container
box
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mechanical
parts
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Electrical
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Filter
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components
metrology
targets
Pipe
Figure 4.3: The mechanical objects category with its subcategories. The mechanical
parts is further broken down.
electrical wire, as they were quoted in the survey responses. At the lowest level of the
tree structure are the actions performed on these objects.
Cables
and Wires
cables
cutting
inserting
into a
container
Cables with
complex
fixings
Connect &
Disconnect
wires
cuttingfiligree
dexterous
manipulation
High
voltage
electrical
wire
Connect &
Disconnect
fine
manipulation
handling
Figure 4.4: An example of actions placed in the tree structure for cables and wires,
which comes within the compliant objects category. Items marked in bold are specific
examples of objects, while items in monotype are task actions performed on the objects.
Those items in plain formatting can be regarded as general categories of object.
Task actions and their corresponding actions The same process described for
objects mentioned in the survey was then also performed on the task actions. This was
necessary to determine categories of actions as this information was not readily apparent
in the previous analysis. This process involved taking exactly the same expression
pairings but with primary focus the action being performed and not on the object.
The categories obtained are naturally more abstract than those obtained for objects and
consequently there is more room for overlap and diﬀerence in interpretation. The main
categories obtained are shown in Figure 4.5.
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Tasks Mentioned in Survey
and corresponding objects
Tool defined
weldingsprayoperatingcleaningDrillingcutting
Sensory
Pure
movement
driving
Aiming/
aligning
Moving
closer
handling
Pulling
manipulation
Types
of
manipulation
assembly
GraspingTransporting
Figure 4.5: The highest level of categorisation for the task actions described in the
survey.
At the highest level of categorisation, the actions proposed were divided into those
which describe the handling of objects or those focused on the pure movement actions,
where the movement action is the focus regardless of whether or not an object is held.
Most actions fell into these two categories. Additionally, there was a sensory category,
involving task actions which involved with sensing actions not requiring movement or
manipulation, and a tool defined category. While this latter category could have fallen
under the handling category in some cases, such as drilling or cutting, in others the
action deﬁned by the tool was more focussed on pure movement, such as spray, and so
tool use warranted its own separate category.
Within the category of handling, by far the most represented in the survey results were
the actions falling under the manipulation category, shown in Figure 4.6.
Manipulation
Types
of
manipulation
gross
manipulations
Bimanual
manipulation
small
movements
fine
manipulation
In-hand
manipulation
dexterous
manipulation
micro
manipulation
assembly
Replacement/
exchange
mountingInsertion &
Extraction
Connect &
Disconnect
engaging
Screwing &
Unscrewing
bolting &
unbolting
Tighten
Figure 4.6: The manipulation category of task actions. The replacement/exchange,
marked in monotype is considered to be both a task action and a "reason to perform
task".
It is clear that there is some overlap between categories at the same level in the tree
and that those items at the same level are not always directly comparable in speciﬁcity
or scope. A task action such as mounting does not have a speciﬁc movement associated
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with it, in the way that Insertion & Extraction does. Indeed, a mounting action might
well involve all other action categories within the larger assembly category (i.e. Screwing
& Unscrewing, Connection & Disconnection and Insertion & Extraction with the motive
behind the action being one of Replacement/Exchange). However, although these actions
could fall fall under the category ofmounting, it is not valid to arrange them as such in the
hierarchy as, for example, a Screwing action is not always performed as part of amounting
action. Therefore it is important to note a task actions on a particular hierarchical level
can either indicate a similar level of categorisation to its sibling categories or can indicate
a more speciﬁc example of its parent category.
As with the previous analysis the lowest level of the hierarchy contains the speciﬁc objects
on which these task actions were quoted within the survey responses. One example at
this level is shown in Figure 4.7.
Replacement/
Exchange
cables
changing/
swapping
tools
wires
bolted
components
Spring
plant
components
e.g.
motorspumpsvalves
protective
tiles
Filter
Electrical
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(hanging
hooks)
pipe
collars
conical
couplings
DN10
to
DN300
Pipe
Figure 4.7: The lowest level of this hierarchy holds the specific objects mentioned
within the survey which corresponded to the task actions. Items in bold text are
specific objects, whilst items in italics are more general object categories. Items in
plain formatting at this level are more specific task actions.
Analysis of task and object prevalence
An additional step to those proposed by Braun and Clarke [228] was added in this analysis
to obtain information about the prevalence at which particular objects or actions were
found in the text. The ﬁrst stage of this to attempt to analyse the data using the
Keywords in Context (KWIC) method. KWIC is a quantitative method by which words
are taken as a unit of analysis and quantitative methods of analysis are then carried out
on the prevalence of these words. It is thus known as a "words as a unit" approach. The
TextSTAT [234] text analysis software applied to the responses of the survey. Table 4.2
shows the most commonly used words within the survey responses by using this method,
after removing common words such as "the", "of", "and", etc.
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Word Count % total words
"task/tasks" 45 1.66
"object/objects" 33 1.22
"perform/performing/
performance/performed"
33 1.22
"operator/operators" 30 1.11
"system/systems" 26 0.96
Table 4.2: The top 5 prevalent words found by number and as a percentage of the total
words using the KWIC method [230], out of a corpus of 2701 words gathered through
the survey.
Keywords in Context (KWIC) It is clear from this that merely detecting the
prevalence of "words as a unit" is not suﬃcient to draw any useful conclusions from
the data in any quantitative manner. Although it would be possible to remove all terms
which do not provide useful information until the remaining words actually relate to
tasks and their actions were being counted, it was clear that information would be lost
by performing the analysis in this manner as some action and object descriptions do not
consist of simply one word but only make sense by incorporating some of the surrounding
words.
As is discussed by Ryan and Bernard [235], there are two main approaches to such anal-
ysis: Word based and Code (i.e. Label) based methodologies. The analysis performed
already on this data, by deriving "themes" or "labels" from the data is an example
of a label-based methodology, which has the advantages of allowing ﬂexible analysis as
discussed above. Conversely, KWIC is an example of a word-based methodology, which
has the advantages of allowing quantitative analysis of the prevalence of individual words.
It was required to ﬁnd a compromise between the two approaches, allowing both the
ﬂexibility of label-based approaches with the possibility of applying numerical techniques
to the data. Jackson and Trochim [225] describe that the advantages of word-based
methodologies can also be obtained by replacing the "words as a unit" approach to a
"labels as a unit". This would allow the use of quantitative methods on data objects
larger than simply one single word, and was thus deemed a suitable approach to further
analysis of the survey response data. Additionally, as the authors discuss, pure word-
based methodologies can place unrealistic prevalence to participants who use more words
in their answers. This is undesirable as it means that a respondent who is eﬃcient with
their word usage will be counted as less relevant in the analysis than a respondent who
uses many words to describe their point and repeats themselves often. The use of the
"labels as a unit" approach will lessen this eﬀect as it allows such repetition to be
accounted for by the researcher.
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Label prevalence
The "labels as a unit" approach was applied to the data by taking each category
described in the above section and applying it back to the text, in accordance with Step
4 of Bernard and Ryan’s approach [230], described previously.
This was carried out separately for each theme of "objects" and "task actions". Each
labelled expression was counted at the lowest categorical level as was relevant to the
speciﬁcity of the expression. For example, the expression "high voltage electrical wires"
would be counted at this level of the hierarchy, see Figure 4.4, whereas the expression
"cables and wires" would be counted at the higher level as it is less speciﬁc.
The instances of each label were then summed both for the total number of instances of
individual categories, and for the percentage of the total number of expressions which
were recorded.
Objects Figure 4.8 shows a bar chart of the number of objects described in the survey
from the top and second categories, with the percentage of total "object" expressions
which corresponded to those categories.
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Figure 4.8: The top 2 levels of categorisation of the "objects" label within the survey
responses with number of instances and percentage of total expressions across all
responses.
It is clear that the vast majority of responses were within the Object category, meaning
that although tasks involving the Non-object category were raised by participants, such
as interaction with humans in the environment, these were of minor importance when
viewed within the context of the responses as a whole. The survey questions were not
speciﬁc as to proscribe the "tasks" merely to object handling and therefore it can be
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concluded that a test-suite of tasks for teleoperation does not need to include these
Non-object items, based on this lack of prevalence.
Of the objects to be categorised, the vast majority of these, 65.09% of total expressions,
were situated under the Mechanical Objects category, with the next prevalent being the
compliant category, 9.43% of total expressions. The tests described in the proposed
test suite in this chapter are therefore based around this Mechanical Objects category,
containing such subcategories as Connectors, Fixings, mechnical parts, etc as shown
previously in Figure 4.3. Future additions to the test-suite should perhaps include
tasks involving compliant objects, to account for this prevalent category, particularly
the Cables and Wires category, evident in 6.60% of the total expressions analysed.
The Mechanical Objects was broken down further as shown in Figure 4.9.
0 2 4 6 8 10 12 14 16 18 20 22 24
Tool
Drill
vacuum cleaner
brush
pen
screwing tool
wrench
container
tray or bucket
box
parts
Pipe
targets
plant components
Filter
Peg (in hole)
Connectors
plugs
electrical connectors
mechanical fastners
Fixings
Spring
Bolts
Screws
hex nuts
structures
13.04%
3.48%
0.87%
0.87%
0.87%
0.87%
0.87%
3.48%
0.87%
0.87%
20%
7.83%
0.87%
5.22%
0.87%
1.74%
9.57%
1.74%
4.35%
2.61%
12.17%
0.87%
6.09%
2.61%
1.74%
0.87%
Number of instances
Category
Subcategory
Figure 4.9: A breakdown of the Mechanical Objects category, with number of instances
in the survey responses and percentage of total expressions across all responses.
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Task Actions Figure 4.10 shows a bar chart of the number of task actions described in
the survey from the top and second categories, with the percentage of total "task action"
expressions which corresponded to those categories.
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Figure 4.10: The top 2 levels of categorisation of the "task actions" label within the
survey responses with number of instances and percentage of total expressions across
all responses.
As discussed previously there are more top level categories within the "task action" label
than there are in the object label, corresponding to the wide range of tasks which can
be carried out through teleoperation. The largest represented category is clearly that
of handling, with 73.04% of all labelled expressions being concerned with some sort of
handling action.
Amongst these the largest subcategory within this is the manipulation category, which
is further broken down in Figure 4.11 and largely concerned with assembly actions such
as Screwing & Unscrewing, Connecting & Disconnecting, etc. Also within this category
are those deﬁned as small manipulations, including more speciﬁc types of action which
require dexterity with small objects, such as fine manipulation, in-hand manipulation
and micro manipulation.
Outside of the handling category the most common type of action performed were those
within the Pure Movement category, referring to the fact that they did not concern the
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objects being handled and instead the action performed was described by the movement
being performed. Some, such as driving are indicative of the types of robot being used,
i.e. one with mobile ability, but the largest subcategory within Pure movement was
aiming/aligning, referred to in 9.57% of the expressions. Not reﬂected in this numerical
analysis is the fact that the aiming/aligning movement was often introduced in the survey
responses as a precursor to, or performed simultaneously with, other task actions within
the handling category. Thus it should be taken in mind that alignment movements are,
in many cases, integral to the other actions being performed by the telemanipulator.
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Figure 4.11: The subcategories within the Manipulation "task actions" label de within
the survey responses with number of instances and percentage of total expressions
across all responses.
As the largest proportion of tasks actions were concerned with actions within the as-
sembly category it has been taken that this is the most suitable category for the tasks
proposed as part of the test suite.
Step 4: Reviewing the themes in light of analysis
It was shown from the results that the initial themes applied to this work, of "Objects
and their corresponding task actions" and "Task actions and their corresponding objects"
were highly suitable for the type of data which was collected through the survey format.
The categories derived from the "Objects" labelling provided deeper insight into the
most important object types for tasks proposed by telemanipulation experts and the
"Task Actions" labelling demonstrated those speciﬁc actions which are involved with
those objects.
As discussed previously, the survey responses gave room for further potential analysis
through the "Restrictions on task performance" and "Reasons for performing tasks"
labelling but these were not done due to the fact that initial processing of these labels
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when they were applied back to the text, in Step 2 above, determined that the majority
of these expressions were not directly in-line with the development of a generic test
suite as is the core aim of this work. Those individual responses which did provide new
information deemed to be relevant to this core aim will now be discussed below.
4.5.1 Additional Considerations Extracted from Survey
On top of the main themes described above several other pieces of information were
obtained from certain individual responses. While these did not correspond with the
derived themes they are nonetheless very relevant and thus merit mention here. They
contribute a deeper understanding of how telemanipulation is carried out in real-world
settings and oﬀer key considerations for the development of the test suite proposed in
this chapter.
These considerations are provided below, either as direct quotes or, where more appro-
priate, as a paraphrasing of the original response.
Dexterity and load capacity are negatively correlated in practice
It was discussed that a limitation of any telemanipulator is often its low load capacity.
However, it was suggested that merely increasing the load capacity to rectify this is not
generally feasible in practice as it has the eﬀect of reducing the overall dexterity of the
manipulator. In practice the solution used is to employ another device with higher load
capacity, such as a crane, to increase the load capacity of the whole system without
reducing the dexterity.
Human operators use telemanipulators for long periods of time
An interesting piece of information was provided in the responses which highlights an
aspect not often covered in the literature regarding the average number of consecutive
hours human operators spend teleoperating in real-world situations:
"operators use the manipulators 8 hours per day (in two separate 4 hour
sessions)"
As a consequence of this it was also discussed that these long working periods necessitate
telemanipulation systems which are as "transparent" as possible.
The best manipulator is one which presents no intrusion into the operators
mind-set and leaves them to perform the tasks without any conscious effort
on their performance.
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Testing abstract classes of manipulation
One recommendation from a survey participant regarded the ﬂexibility of benchmark-
ing tasks:
"the test should cover abstract classes of manipulation and not be too specific
in terms of object used"
This was supported by the response of another participant in Question Group 3 who
quoted "generic operations" as recommendation of standard tests for teleoperation skill,.
Human operators have varying levels of hand-eye coordination
One point which was noted in reference to training and operation was that the level of
dexterity which operators inherently have can be widely diﬀerent based on the individual
person. This was referenced in the quote:
"there is a variation of competencies and abilities . . . Some operators have
excellent hand/eye coordination whilst others do not"
Industrial and research uses of tasks are different in motivation
A general trend which was noted across the various diﬀerent types of participant was
that the tasks performed by industrial users were generally related to real procedures
themselves, or for training operators. This was reﬂected in the fact that the "reasons for
performing tasks" were often involved with "maintenance tasks" or speciﬁc examples of
such. The motivation for tasks within a research setting, however, was more likely to be
for validation of control system designs and other research developments, with reasons
such as "to validate advanced controls" given as the primary purpose to perform the
task.
4.5.2 Discussion of Results
In general can be seen from the presented analysis of the survey responses from teler-
obotics professionals that certain types of task are more prevalent, and more important to
respondents than others. This has been analysed by measuring the prevalence of labelled
expressions as described above. The dexterity tests proposed in this work attempt to
cater for the most represented categories within this analysis, as to cater for all of them
would only be possible by proposing a very large number of tests, which would limit the
usefulness of the tests overall. Additionally, the physical analysis of so many tests would
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be outside of the scope of this work, which it not to provide an entirely comprehensive
set of test but rather to present few dexterity tests along with the process by which such
tests can be further developed and analysed.
Within the theme of "Objects and their corresponding task actions" theme the single
category with the most representation in the responses were those of Mechnical Objects,
with 90.43% of labelled expressions referencing such an object, itself a subcategory of
the Objects category. The category of Non-objects, representing things like humans
and environment, were hardly represented within the results and thus it can safely be
concluded that the proposed test suite need not include aspects which are not related
to these, as they are comparatively not of as high importance to the experts in general.
Due to this prevalence, the tasks proposed in this test will therefore primarily contain
mechanical objects, speciﬁcally those within the Parts category, with 20% of expressions,
the Fixings category, with 12.17% expressions, and the Connectors category, with 9.57%
of expressions. A decision was made that objects within the Tool category would not be
included in the test. This is due to the fact that although this category was highly
represented in the responses, with 13.04% of expressions, none of the speciﬁc tools
mentioned by participants, with the exception of Drill was any more prevalent than
the others. From this it can be concluded that although working with tools is important
for telemanipulation, the speciﬁc tools used vary between the diﬀerent settings. As the
goal of this test suite is to remain as general as possible, the Tool category was dropped
to maintain this generalisability.
The range of task object types collected through this approach not only provided a good
basis for the presentation of Dexterity Tests proposed in this work, which are primarily
focussed on the Mechanical Objects category but also provide an insight into further
testing categories which could be added to the physical tests proposed here. Such future
additions could include compliant, fragile and heavy objects.
Within the theme of "Task actions and their corresponding objects", the largest three
categories were handling actions, with 73.04% of labelled expressions representing some
sort of handling action, Pure Movement actions, with 13.04% of expressions, and Tool
defined actions, with 8.7% of expressions. The latter category, as with the previously
discussed Tool category within the "Objects" labelling, was not included in the test
suite to maintain generalisability. The actions required for the test suite were therefore
chosen to be those involving handling, largely assembly actions, with 28.7% of expressions
and aiming/aligning actions, with 13.04% of expressions. As discussed previously, these
two actions often came together in the responses and thus can in some way be seen as
interdependent. Actions within the Transporting category, with 17.39% expressions, are
also clearly important to telemanipulation and thus these are represented in the test
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suite by the necessity of moving parts around as much of their workspace as possible.
This is evident in the Portable Test Jig, described below in Section 5.5, which is scaled
to the size of the robot and involves manipulation within a wide area of the workspace.
Although it was represented in the responses, actions within the Sensory category were
not prevalent enough, with just 5.22% of expressions, to warrant inclusion in the test
suite.
As with the "object" labelling, the range of task action types collected not only provided
a good basis for the presentation of Dexterity Tests proposed in this work, which are
primarily focussed on the Mechanical Objects category but also provide an insight into
further testing categories which could be added to the physical tests proposed here.
Such future additions could include actions involving small manipulation, transporting
and sensory actions.
Discussion of Additional Considerations
There now follows a discussion of those additional considerations which were drawn from
speciﬁc survey responses or from general trends in the responses which were not covered
through the thematic analysis above. The relevance to the development of this test suite
are discussed also.
Dexterity and load capacity are negatively correlated in practice
The consideration that load capacity and dexterity do not correlate practice is of great
importance to the fundemental testing parameters of the proposed test suite. It suggests
that particular care should be taken in order that the usefulness of the test is not limited
to only one particular class of manipulator. For example, it should not be the case
that a highly dexterous telemanipultor is shown to be less capable than, say, a power
manipulator merely because it has a lower load capacity. Similarly a very large, high
load capacity manipulator should not be deemed completely undexterous simply because
it cannot manipulate objects of the same size as a smaller telemanipulator.
This consideration has been directly incorporated into the fundamentals of the test suite
by setting the scale of the entire set of test components based on the three "Manipulator
Classes" discussed in Section 5.3. In this way it is ensured that proposed test suite
is ﬂexible enough to provide meaningful comparison between telemanipulators with
inherently diﬀerent capabilities.
Human operators use telemanipulators for long periods of time
Although not directly addressed by the test, the quoted 4 hour working schedules
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of telemanipulation operators within industrial settings is new information and highly
relevant to understanding how teleoperation is used in a real setting. Few studies
discuss this integral factor of teleoperation, and presumably for logistical reasons it is
not generally reﬂected in the length of task time, with many studies employing tasks
which are completed in the order of less than a few minutes [69, 89, 101, 236, 237].
Taking operator shift time into consideration it can be concluded that manual tests
which take only a small amount of time to complete, while they may be suitable for their
intended testing purposes, would not provide an accurate representation of the diﬃculty
of the task in a real-world setting.
Testing abstract classes of manipulation
This recommendation by a survey respondent has been noted here as it can be seen to
be one of the guiding principles of the development described in this chapter. There is
a tendency in the literature which discusses the tasks performed with telemanipulation,
presented previously in Section 2.4, to be either so general that the tasks cannot be
replicated or do not provide much insight into the capabilities of the system or for tasks
to be so speciﬁc that they greatly limit the generalisability of the test, for example with
the lego test described in [70] which is limited to comparably light-weight robots. With
the analysis presented here, we have aimed to address this problem by providing general
categories of manipulation, both from an object and task action perspective. With this
we hope to ensure that the proposed tasks are derived from general categories and not
from speciﬁc, non-transferable tasks and objects.
Human operators have varying levels of hand-eye coordination
The reminder that operators have inherently diﬀerent levels of hand-eye coordination
which was reﬂected in the responses is one which seems to be obvious, but despite
this does not seem to be readily reﬂected in the literature. For example, although
telemanipulation completion times are often compared to bare-hand operation, e.g. [69,
70, 72], to the author’s knowledge no research exists which relates whether or not the
diﬀerence in such bare hand operation can be used as an adjustment factor for trials
carried out through teleoperation. From the point of view of developing a dexterity test
it is important to bear in mind that a key factor of telemanipulation is that it involves
human operation and that humans have diﬀering levels of manual skill, which is very
likely to inﬂuence their abilities with the teleoperation system. Although such study
would require further research, a provision for such is discussed further in Section 5.5.4.
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Industrial and research uses of tasks are different in motivation
It was noted in the responses that industrial and research usage of tasks was diﬀerent.
While industrial users primarily require tasks to aid in training of operators or for testing
real procedures, users within research require tests which can be used to validate research
developments on the telemanipulator, such as advanced control systems. These motives
are quite diﬀerent to each other and require distinct approaches to accommodate for
them.
The ﬁrst industrial requirement of operator training has been incorporated into the test
by ensuring that physical tests are robust and portable, allowing them to be moved easily
and ensuring that they are not easily broken by operators with little experience with the
robot. This portability, for example, has been incorporated into the 8-Piece, Portable
Test Jig, proposed in Section 5.5.1, by introducing a modular design to the structure.
The second industrial requirement, that tests be able to be used for preparation of real
operations is primarily a question of ﬂexibility. It requires that the test be able to be
altered to account for diﬀerences in the remote environment of a particular real-world
procedure, such as diﬀerent connectors and ﬁxings. The provision for such a ﬂexibility
has been provided by the conceptual design of the XYZ Connector Test and Multi-Axis
Bolt Test, which have been designed to be inherently ﬂexible in the connector and bolt
sizings which they test and thus can be altered to include those mechanical parts which
are required by a particular maintenance procedure.
The research requirement of ensuring that the test suites can be used to validate research
developments requires that the test is repeatable and that it does not introduce variables
into the testing procedure which could aﬀect the results of any research experiment. This
provision is further discussed in Section 5.5.4 which describes how the test can be used
in a controlled manner to avoid introducing such undesired variables.
4.6 Summary
This chapter has presented the design and construction of a survey of telerobotics experts
from both research and industrial settings. The construction of a set of questions and
implementation said survey has been presented, following the principles of good survey
design practices gathered from the literature in survey techniques. The beta testing and
the ﬁnal implementation of the survey questions in the LimeSurvey PHP platform were
presented. An analysis of the responses from the survey has been presented using the
Thematic Analysis methodology to derive a hierarchy of categories for both objects and
task actions referred to within the survey responses. These categories were then reapplied
to the text and assessed through quantitative means by analysis of label prevalence
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to reveal which of these objects and tasks were most important to the teleoperation
experts who participated. From this analysis it was concluded the most relevant tasks
which should be included within the test suite proposed in this thesis. The analysis also
provided information about other important aspects of telemanipulation which were
not included within the test suite but would be good grounds for future research and
development. This analysis can be compared to the tasks which are commonly found
within the telerobotics literature.
The results of the literature review presented in Chapter 2 showed a prevalence of block
stacking and peg-in-hole tasks. However, in sharp contrast, the results of the survey have
shown that these are far from being the most important tasks from the point of view of
those working with telerobots in real-world settings with very few mentions of these tasks
or similar associated actions in the responses. The most prevalent areas instead were
those relating to mechanical parts, tools, connectors and ﬁxings. Most prevalent task
actions were those involving assembly actions, such as screwing and connecting. These
actions and objects are not common tasks to ﬁnd in the literature, which are geared
towards ﬁne alignment, and thus a mismatch exists between tasks presented in research
and those required in industry.
It was therefore concluded that there is a need for physical tests which incorporate tasks
that more accurately represent the needs and working tasks of telerobotics in real-world
(i.e. non experimental) settings. An approach to implementing such a test is provided
in the following chapter.
Chapter 5
Development of a Suite of Standard
Telemanipulation Tests
As identiﬁed in the previous chapter, telemanipulation systems are commonly used for
a fairly narrow variety of manipulation tasks. Generally they are used for maintenance,
assembly and disassembly tasks which should not be widely diﬀerent from each other by
virtue of the fact that they are concerned with mechanical assemblies and parts.
However, despite the similarity between the ﬁnal end use environment for telemanipula-
tion, there is a surprising lack of standard tests by which the resultant telemanipultion
systems can be compared. While other areas of robotics, such as autonomous intelligent
vehicles [238, 239] and rescue and response robotics [240–242] are moving towards stan-
dard test suites to be able to accurately compare diﬀerent robotic systems in their ability
to perform their proposed functionality, task-based tests for telemanipulation systems
have remained a largely ad-hoc.
As the test space for telemanipulation robots for maintenance is fairly low it follows that
a suite of tests for such systems should be fairly straightforward to compile. However,
to the authors knowledge, no such test suite exists.
This chapter presents a suite of tests designed to help engineers assess telemanipulators
for maintenance tasks. It provides tests to measure the dexterity of telemanipulation
systems, ranging from a basic level incorporating the general characteristics of the robot
to more involved algorithmic measures.
The test suite has been devised by drawing tasks and methods from those found in the
literature review, described in Chapter 2, the analysis of responses from telerobotics
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industry professionals, described in Chapter 4 and a previous dexterity setup from
industry, which will be discussed in Section 5.5 as a basis for a set of physical dexterity
test setups.
5.1 What is Dexterity?
It is important to state how dexterity is deﬁned in this work, in order that the dexterity
tests proposed within this section are understood within the context that they are
intended, namely that of maintenance telemanipulation.
Yokokohji et al. [69] claim that a dexterous manipulator cannot be achieved without
a dexterous hand. They assert that simple telemanipulators arms are only capable
of performing simple tasks (such as, they suggest, wall pushing) and that dexterity is
attributable to multi-ﬁngered hands, as this is how human dexterity is deﬁned - the
Oxford Dictionary deﬁnes dexterity as:
"Skill in performing tasks, especially with the hands."
However, whilst it is true that ﬁne human dexterity is often attributed to in-hand
manipulations [78, 82, 85, 154, 243], it is questionable if this deﬁnition of dexterity can
be taken as a deﬁnition of telerobotic dexterity without some modiﬁcation. For example,
even if a 3 DoF Cartesian robot, as used by Yokokohji, is ﬁxed with a dexterous multi-
ﬁngered hand, it will be highly restricted in terms of possible orientations of the end
eﬀector. By accepting their deﬁnition of dexterity it would suggest that such a robot
would inherently be more dexterous than a 6 DoF arm with simple 0.5 DoF gripper
which can reach points in its workspace from multiple orientations. Clearly then this
deﬁnition is a gross simpliﬁcation of dexterity.
Dexterity may or may not have an upper and lower bounds. As it is not deﬁned, it is
common [1, 89, 148, 244, 245] to ﬁnd works playing loose with the idea of what dexterity
is, claiming that their manipulators are dexterous whilst others are not. Without a lower
bound on dexterity, the goalposts can be moved arbitrarily to suit a particular study
and setup. Similarly, it is questionable what constitutes the upper limit of dexterity. For
example, if dexterity were merely deﬁned by how small an object can be manipulated
this would imply that microgripper of only a few nanometres should be considered as
more dexterous than a 80kg manipulator with the same DoFs purely by virtue of the fact
that it can manipulate smaller objects. As Kim and Khosla conclude dexterity measures
must be independent of scale if they are to say anything useful about the robot [246].
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Dexterity measures existent in the literature [246–250] are mostly similar to the reach-
ability mapping method presented in this chapter, which we extend in Section 5.4.
Such methods provide clear beneﬁts for analysing telemanipulation systems. However,
dexterity may not be entirely quantiﬁed using such methods alone. One reason for this
is that the reachability of the slave manipulator may not be completely utilised by the
teleoperation system as a whole, due to diﬀerences in master-slave workspace or due to
restrictions caused by the human arm itself. Another reason, as was noted from the
survey responses in Chapter 4, is that operator skill can vary widely. A telemanipulation
system may seem very dexterous in the hands of an operator who is very familiar with
it, whilst it is deemed unusable by another operator. Personal preference may favour one
telerobot over another, but this preference is unlikely to be constant across all operators.
With these factors in mind, telerobotic dexterity is deﬁned in this work thus:
Dexterity is the ease by which a particular telemanipulation setup can be used
to perform the required tasks by a particular operator.
It is therefore taken that dexterity, when the term is used in the context of telemanipu-
lation, contains a certain degree by which it cannot be entirely quantiﬁed, as it is highly
aﬀected by human behaviour. Despite this it is safe to say that a telemanipulation
system can be regarded as suﬃciently dexterous if it is easy to use to perform some
physical tasks well which are representative of the types of task it would perform in real
service. The physical tests which are proposed within this section are an attempt to
represent those common tasks, which were derived from the survey and literature study
previously.
5.2 Test Suite
The proposed test suite is composed of 3 diﬀerent sections, with possibility to be extended
into more should further tests be devised.
These sections cover:
1. General characteristics of the robot
2. Kinematic Reachability Mapping
3. Dexterity testing
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It is proposed that each of these sections would be utilised, for example, as stages in the
acquiring of a new telemanipulation system, or for analysis of an existing system for a
new task. The completion of each subsequent stage provides more information about the
system and its dexterous capabilities for manipulation tasks in general. Stage 1 provides
a general overview of the capabilities of the robotic system and its potential capabilities
at a task. Stage 2 describes the detailed analysis of the robotic workspace and a method
for an intuitive comparison between the reachability of diﬀerent robots. These two stages
can be completed without the physical robot being available for testing. Stage 3 provides
a physical dexterity testing approach for the entire telerobotic system and setup.
These three sections are described in detail in the following sections.
5.3 General Characteristics
The recording of general characteristics of the robot system are a good practice when
comparing robots or when assessing an acquired robot. Some of these characteristics
will be provided by the manufacturer, and thus can be evaluated without having access
to the physical system.
The characteristics are:
• Maximum payload capacity
• Degrees of Freedom (DoF)
• Approximate Workspace
• Weight and power source
• End eﬀector gripper size
Maximum payload capacity The ISO 17874 [57] standard for remote handling
equipment categorises teleoperation manipulators in the following general classes, based
on their maximum payload capacity (taken from the horizontal arm position where
multiple options exist) and manipulator type:
The maximum payload capacity can vary hugely depending on the position of the
arm. For example, the maximum load capacity of the Grips teleoperation system with
hydraulic slave manipulator used in this study, described in Section 6.1.1, has a maximum
payload capacity, as speciﬁed by the manufacturer, of 45kg when the arm is in the
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Manipulator Class Payload capacity (kg)
Light Mechanical Master-Slave < 10
Medium Mechanical Master-Slave 10 - 20
Heavy Mechanical Master-Slave > 20
Light Electrical Master-Slave < 10
Medium Electrical Master-Slave 10 - 45
Heavy Electrical Master-Slave 45 - 100
Light Power Manipulator 20 - 50
Medium Power Manipulator 50 - 125
Heavy Power Manipulator 125 - 300
Super Heavy Power Manipulator 300 - 500
Table 5.1: Payload Capacities for RH manipulators as defined in ISO 17874 [57].
extended, horizontal position and 82kg absolute maximum. This is a diﬀerence factor of
almost double.
As a reasonable heuristic, the smallest of the maximum payload capacities, usually
corresponding to the horizontal arm position, should be taken as it ensures that loads of
up to this mass can be held at any point in the workspace. This is in accordance with
ISO 17874-3 [67, p. 6] which states that "the slave arm shall be able to hold stationary
(at any position and orientation) an object with a weight equal to the maximum load, for
at least 30 min, without using any brakes.".
If a more detailed mapping of payload capacity within the workspace were required, a
similar process as outlined in Section 5.4 for orientations may be possible, using models of
the joint actuators and links to calculate the theoretical payload capacity at the various
points in the workspace, with further research required to prove this. In most situations,
however, this conservative estimate should be suﬃcient.
Degrees of Freedom (DoF) The DoF of a robot is probably the most basic descrip-
tion of a robotic manipulator which provides information about the robot, and is thus
a cornerstone concept of the robotics ﬁeld in general. In general it provides a quick
heuristic which indicates the degree of reachability achievable with a manipulator and
it is generally taken that to be able to move a robot in all 3 translational axes (x, y, z)
and 3 rotational axes (α, β, γ), that 6 DoF are required [107, 251–255]. Any extra DoF
are termed "redundant" [256, 257]. Redundant axes provide alternative conﬁgurations
to reach the same point and orientation in Cartesian space, and have advantages as
they can be used to avoid constraints such as kinematic singularities and mechanical
limits [258]. Section 5.4 will discuss the limitations of this simpliﬁcation in regards to
reachability comparison of manipulators but in general it can be taken that more DoF
means more possibility of dexterity.
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The end eﬀector actuation, which does not usually contribute to the reachability of a
manipulator, is sometimes indicated by adding an extra 0.5 DoF to the total DoF of the
manipulator.
Approximate Workspace The workspace of a robot indicates the volume of physical
space within which the end eﬀector can move and manipulate objects. Often the
manufacturer will provide a graphical representation of the manipulator’s performance
envelope which is an approximate representation of its true workspace [259–263]. Fig-
ure 5.1 shows an example of the performance envelope provided by Kraft Telerobotics
for the Grips Slave Manipulator used as a case study in Section 6.1.
(a) ABB IRB2400 from [262]
(b) KUKA Titan from [264] (c) Fanuc M-16iB/20 from [259]
Figure 5.1: Example of manufacturer provided workspace descriptions for various
industrial manipulators.
This workspace not usually very precise, providing only the basic outline of the workspace
volume. As shown later in Section 5.4, the true workspace of the robot is more restrictive
than this approximation suggests when orientations are introduced into the model, but
at least such a graphic provide a quick idea of the working volume of the robot.
Weight and power source The weight and power source of a manipulator does not
necessarily inﬂuence the properties of its dexterity, although it is often true that heavier
manipulators will be have slower responses than lighter ones and hydraulic manipulators
will be have a slightly more delayed response than electrical ones. However, a record
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of the weight is important to consider when transporting the manipulator either as an
attachment to a mobile robot or when suspended from a transporting arm or crane,
as the manipulator weight and that of its payload must be within the load capacity of
the crane. Similarly, restrictions to battery power or availability of hydraulic or high
power electricity lines within the remote environment must be considered in the choice
of telerobot.
End effector gripper size The development of specialised tooling for teleoperation
is an entire engineering topic within itself. Restrictions on movement caused by lack of
dexterity of a manipulator can be overcome by the design of custom tools for the job [255,
265, 266]. However, as Draper [266] explains, the exchange of diﬀerent tools should be
kept to a minimum to simplify remote maintenance procedures. In practice this usually
means that machine parts to be maintained are designed to be compatible with existing
RH tooling options [265]. However, to compare between the dexterity and capabilities
intrinsic in the manipulator itself it makes sense to avoid addressing task diﬃculties with
tooling design, even though this is likely to be how procedure would be carried out in
real-world RH operations, as was demonstrated previously in Section 3.4.1.
For this reason the comparison of end eﬀector gripper dimensions are the only factor
included here. The reason for this is to provide an approximate scaling factor for the
size of the dexterity tests described later in Section 5.5. These are to be sized according
to the jaw dimensions, Figure 5.2.
Figure 5.2: The sizes of the gripper are taken based on the jaw-plate dimensions (b1,
b2, l1 and l2) and maximum open position (d)
The ISO 17874-3 [67, p. 17] deﬁnes the dimensions of standard tongs for electrical master-
slave manipulators for each of the manipulator classes introduced above. Table 5.2 shows
the dimensions for these classes.
Figure 5.3 shows a comparison these three categories visually arranged on top of each
other.
The gripper size gives an approximate ﬁgure which indicates the intended dexterity of
a manipulator. The tong breadth (b1 and b2) suggests the smallest object which can be
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Manipulator Class b1 b2 l1 l2 d
Light 18 10 55 35 90
Medium 25 14 80 53 120
Heavy 35 20 125 85 150
Table 5.2: Gripper tong sizing for 3 classes of electrical slave manipulators [67] for
dimensions in Figure 5.2. All sizes are in mm
Figure 5.3: A visual comparison between the three manipulator classes by end effector
size.
comfortably handled by the manipulator and the maximum open position (d) deﬁnes the
largest object which can be held by the gripper alone.
Although gripper size does not provide a measurement for dexterity, when used in
conjunction with payload capacity it provides a range within which similarly sized
manipulators can be reasonably compared.
Other factors in robotic selection The 5 factors described here are those which are
proposed to be most useful in a quick comparison of robotic arms for telemanipulation.
However, it should be noted that there are many other factors which aﬀect the suitability
of a robot. These include gear train type, assemblability, in-built sensors, programming
method and other non-technical factors like price range and space requirements. An
extensive list of 83 robot selection factors are provided by Bhangale et al. [267], which is
focussed around autonomous manipulator selection. Adding more factors would improve
the detail of a test, but would also increase the complexity, which ultimately could make
it unwieldy.
5.4 Kinematic Reachability Mapping
As discussed brieﬂy in the previous section, one key feature which has a high bearing on
how dexterous a robot can be is the eﬀective workspace within which it can be operated.
However, the simpliﬁed workspace representation described above does not necessarily
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provide enough information to be able to assess how well the robot will perform in a
real-world scenario. What is required is a more detailed map of the workspace which
describes all the reachable points in the workspace and the possible orientations available
at each of those points.
Although computationally expensive, this procedure need only be calculated once for
each robot. Additionally, there have recently been great advances in software which allow
such calculations to be carried out through the use of dedicated tools, making it feasible
for technicians who are not expert with the development on inverse kinematics. One
notable example is the OpenRAVE Planning Architecture [268], an open source robotics
toolkit, which provides functionality for reachability mapping through its kinematic
reachability and inverse reachability modules.
Figure 5.4: Here the potential points to be tested for reachability are shown, in grey,
and the resultant reachability map of the IRB2400 robot, discussed in the next section,
coloured from red to blue. The dimensions of this box are set to be higher than
the maximum radius of the robot when all joints are extended. Points have been
downsampled to improve image clarity.
The calculation of a reachability map for any manipulator involves high computational
resources and can take a long time. It involves calculating the kinematic chain of the
manipulator and forming the Inverse Kinematics equations [269, 270]. The procedure
which is used for reachability mapping by OpenRave is:
1. Derive inverse kinematic equations for robot based on its kinematic chain.
2. Set a "potential workspace" volume around the robot which contains all points to
test for reachability, visible in Figure 5.4.
3. Divide the volume into test points based on a desired resolution.
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4. Attempt to calculate each point from multiple orientations with the inverse kine-
matic equations
5. All point-orientation pairs which can be reached are stored and unreachable points
are discarded
The kinematic reachability can be calculated by inputting a model of the robot as a
Computer Aided Design (CAD) model with joint relationships embedded, as a DAE
Collada ﬁle [271], an example of which is shown in Figure 5.5. Collada ﬁles are an open-
source ﬁle format, which is widely becoming a de facto standard for CAD ﬁle exhange
[272–274] and can be exported from many of the major CAD softwares [275] or easily
converted from other CAD ﬁle formats [276], including the URDF ﬁle format used by
Robot Operating System (ROS). They are therefore a good choice to ensure the ﬂexibility
of this approach.
Figure 5.5: An example of an open Collada file of an industrial robot, the IRB2400
manipulator from ABB
Inverse kinematics are calculated automatically by OpenRave using the IKFast Robotic
Kinematics compiler [277], which generates closed-form analytic solutions for any robotic
manipulator. While this may not be a guaranteeable optimal solution for the control of
the robot the beneﬁts of automatic creation by far justify the saving in time over the
derivation of any more optimal solution by hand. However, if such a solution already
exists, it is a simple task to swap in other inverse kinematic solutions by replacing the
generated static library ﬁle which can be found using the developed program.
Test orientations are calculated in OpenRave the SO(3) algorithm [278], which discretizes
a sphere into uniformly spaced samples and the radius of potential workspace, see
Figure 5.4, is calculated by extending each joint to its limit and taking the sum of
distances plus a safety factor. This ensures that all possible positions of the arm are
included within the calculations, whilst reducing unnecessary computation by testing
points far outside the robot workspace.
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An example rendering of the calculated workspace for the IRB2400 is shown in Figure 5.6.
Colours are plotted onto surfaces to reduce the necessity for strenuous graphics processing
required to plot all points individually.
Figure 5.6: A rendering of the reachable workspace for the IRB2400 robot with
visualisation of robot included. Zones of colour are presented on a scale from red
(high reachability) to blue (low reachability).
5.4.1 Experiment: Calculation times
Kinematic reachability was calculated for two manipulators using a range of resolutions,
ranging from 343 point/m3 to 35, 937 points/m3. The resultant reachability maps are
shown in Figure 5.7 and the calculation properties are given in Table 5.3. The manipula-
tors chosen were the Grips Slave manipulator, described in Section 6.1 and the IRB2400
designed by ABB [262], with models obtained from the ros_industrial/abb package in
ROS. These are chosen as their corresponding reachability workspaces are clearly very
diﬀerent from each other, and so are good to make comparison.
5.4.2 Reachability Profile by Percentage
It has been shown previously [91, 250] that reachability mapping is a good way to obtain
a detailed understanding of the capabilities of the robot across its entire workspace.
One way of presenting those is to set the colours of the visualisation by thresholding the
points based on high or low levels of dexterity. For example, Hulin et al. [91] set areas of
high dexterity as points which can be reached by over 75% of orientations, whilst points
which are reachable by less than 8% of orientations are taken to be very low dexterity.
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(a) Grips ∆xyz = 0.03 (b) Grips ∆xyz = 0.08 (c) Grips ∆xyz = 0.13
(d) ABB ∆xyz = 0.03 (e) ABB ∆xyz = 0.08 (f) ABB ∆xyz = 0.13
Figure 5.7: Sectional drawings of the reachability maps for 3 separate resolutions of
calculation: 1 point/cm3, 50 points/cm3 and 100 points/cm3. Voxels (3 dimensional
pixels) are coloured based on the percentage of total orientations that are reachable at
that point, with red indicating points which are reachable from multiple orientations
and light blue being points which are reachable from only one orientation. Colour
factors have been multiplied by 5 in (a)-(c) to improve visibility.
Robot Kraft Grips ABB IRB2400
∆xyz (m/point) 0.03 0.08 0.13 0.03 0.08 0.13
Resolution (points/m3) 37,037 1,953 455 37,037 1,953 455
Calculation time (min) 446.24 27.97 7.59 271.48 10.93 2.63
Database Filesize (MB) 24.16 1.31 0.33 1,684.35 89.06 20.78
Total Test Points 529,746 33,008 8,886 1,781,484 105,576 27,342
% Points Reached 4.85 4.69 4.33 17.11 15.55 15.28
Test Orientations per point 72 72 72 72 72 72
Max % Reachability 16.67 16.67 13.89 100 100 100
Average % Reachability 0.20 0.20 0.18 11.01 10.04 9.79
Table 5.3: Calculation properties for kinematic reachability mapping of Grips
manipulator and IRB2400 under various resolutions. The minimum, ∆xyz = 0.03
was highest computable resolution on an Intel Core i7, 8-core, 2.67GHz Linux box with
5.82GB total RAM. Orientation resolution was kept constant across all calculations
with quaternion resolution ∆quat = 0.513.
An example of such a rendering, with thresholded zones of reachability, is shown in
Figure 5.8.
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Figure 5.8: The reachability map (∆xyz = 0.04) for the IRB2400 is thresholded into
points of low dexterity (with < 11% orientations reachable, shown in blue) , medium
(between 11% and 80%, shown in green) and high dexterity (> 95%, shown in red).
The average reachability is 11.15%
However, this same data can be represented in multiple ways, and although it is clear,
Figure 5.7, that the IRB2400 is more dexterous than the Grips, it is not instantly
apparent the magnitude of this diﬀerence.
We propose that this information can then also be used to compare multiple manipulators
by plotting the percentage of points against the percentage of orientations which those
points are reachable from to give a reachability profile for a particular kinematic chain.
The reachability proﬁle of a manipulator is determined using algorithm 1 below, which
sections the workspace into two zones (a reachable zone and a non-reachable zone) by the
Convex Hull which contains all reachable points. Convex Hulls were introduced earlier
in Chapter 3, Section 3.5.1.
Figure 5.9 shows downsampled visualisations of the Grips and IRB2400 reachability maps
with their calculated Convex Hulls, generated using the QHull implementation [201].
Algorithm 1 produces a data series which can be graphed to show the resultant reacha-
bility profile. Figure 5.10 shows the reachability proﬁles of the two diﬀerent manipulators
- one with high reachability and another with a very low reachability. For example, in
the Grips workspace, Figure 5.10(a), only 2.25% of points are able to reach at least 5%
of orientations, whilst for the IRB2400, Figure 5.10(b), 20.97% of points can achieve the
same. These reachability proﬁles make immediately clear the magnitude of diﬀerence
between the two manipulators. The vast majority of points are completely unreachable
by the Grips (93.92%) and no point is able to reach over 18% of orientations, whereas
the IRB2400 has only 78.88% unreachable points and maintains a steady decrease in
reachability up to 64% where reachability drops more steeply up to 100% which is the
maximum reachability of any point.
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(a) Kraft Grips (b) ABB IRB2400
Figure 5.9: The Convex Hulls for the two manipulators shown as red lines plotted
around their reachable points, which have been downsampled for clarity, with only
50% of points shown in (a) and 20% of points shown in (b).
Algorithm 1: Reachability Proﬁle generation
Data: Rv: Voxelised volume representing all test points in XYZM space where
coordinate M = number of orientations reachable at that point.
Result: P = Reachability Proﬁle
preachable = {p|p ∈ Rv ∧ p(m) > 0};
H = ConvexHull(preachable);
Npreachable =
∑
{pointWithin(p(x,y,z) ∈ Rv(x,y,z), H)};
for a ∈ {0 . . . 1} do
for p ∈ Rv do
if pointWithin(p(x,y,z), H) then
if p(m) ≥ x then
P(a) = P(a) + 1
P(a) =
P(a)
Npreachable
Reachability proﬁles were analysed for a variety of robots available within existing ROS
packages. In addition to the ABB2400 from ABB [262] (package: ros_industrial/abb)
and Grips manipulator from Kraft Telerobotics [263] introduced earlier, the reachability
proﬁles were derived for the following manipulators: M-10iA and M-16iB/20 from Fanuc
[259, 260] (package: ros_industrial/fanuc), UR5 from Universal Robotics [279] (pack-
age: ros_industrial/universal_robot and the Titan from KUKA [264] (basic collada
model from KUKA website, joint limits from datasheet). Most of these are from the
ros_industrial consortium [280, 281], which is geared towards industrial use of ROS
with robot models provided by the manufacturers themselves. The resultant proﬁles are
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(b) ABB IRB2400
Figure 5.10: The reachability profile derived from the kinematic reachability mapping
for the Grips and IRB2400 Manipulators. The y-axis indicates the percentage of total
points within the convex hull representing all reachable points. The x-axis indicates the
fraction of orientations which are reachable by those points. Points within the convex
hull which reach no orientations are omitted for clarity, but are 93.92% and 78.88%
respectively.
shown along with a visualisation of their reachability mappings in Figure 5.11.
5.4.3 Reachability Profile by Connected Volume
Although comparing the number of reachable points within the workspace provides good
insight into the potential dexterous performance of the robot it does not provide a
complete picture of the useful reachable volumes because it does not take into account
the fact that the points of high reachability may not all be connected. It was required
to extend upon this idea by introducing into the algorithm a method by which large
connected volumes of high reachability can be calculated within the workspace.
As with the previous case the reachability map was sequentially thresholded to return a 3-
Dimensional binary map of only points above a certain level of reachability. These binary
maps were then segmented into connected areas using the "connected components"
algorithm.
Connected Component Labelling
The connected components algorithm [282, 283] comes from the ﬁeld of image pro-
cessing and is an eﬃcient method to label unconnected blocks within a binary image. In
the case of the reachability map this is a 3-Dimensional image, but the algorithm is the
same. A 2-Dimensional representation of the algorithm function is shown in Figure 5.12.
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(a) Fanuc M-10iA,
from [260] (b)
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(d) Fanuc M-16iB/20,
from [259] (e)
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(f)
(g) Universal Robots
UR5, from [279] (h)
0 0.2 0.4 0.6 0.8 1
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0.2
0.4
(i)
(j) KUKA Titan
KR1000, from [264] (k)
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Figure 5.11: Comparison of reachability profiles and reachability mapping for various
industrial manipulators.
The algorithm recursively checks each element within the multidimensional array and
either assigns a new label to the array if the element is not connected to any already
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(a) Binary Mask of
thresholded map
(b) Labelled connected
components
Figure 5.12: A binary mask (here in 2-Dimensions only) is labelled with the connected
component algorithm.
labelled element within its immediate region or assigns the same label if it is, it also
checks for diﬀering labels between unconnected elements within that region and corrects
for this. The implementation used here for the connected component algorithm is that
provided by SciPy [284].
Calculating volume
Using the resultant labelled array the maximum connected volume of reachability is
calculated by taking the largest connected region and ﬁnding its volume based on the
known volume of each of the samples as the cube of the sampling distance, ∆xyz used
during the calculation of the reachability mapping, see Section 5.4.1.
V = max(nconnectedpoints) ∗∆xyz
3 (5.1)
This is then graphed in the same form as before. Figure 5.13 shows a comparison of the
percentage reachability proﬁles presented previously and the volume proﬁles calculated
using this extended method for the IRB 2400 and Grips manipulators.
It can be seen from this comparison that the reachability proﬁles based on percentage are
a good approximation of the volume based approach. It is less costly in computation as
it does not require the use of the connected components algorithm. The volume graph,
however, returns more information about about the workspace. For example, the Grips
manipulator at a reachability of 11.11% has 0.02 m3 of connected volume, whereas for
the ABB a similar reachability, 11.26% has 15.07 m3 of connected volume.
A graphical program was designed to allow visualisation of this connected volume. The
user can click a point on the graph to produce a 3-Dimensional rendering of the connected
volume within the whole convex hull of the reachable workspace, shown in Figure 5.14.
The volume is an approximate polyhedron around the workspace, calculated by the
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(b) IRB2400 Volume Profile
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(d) Grips Volume Profile
Figure 5.13: A comparison of the fractional and volume-based reachability profiles,
showing that the former is a good approximation for the latter. Note that axis scales
are different.
convex hull method described previously. As as a result the volume of the polyhedron
will not always be equal to that shown in the graph, it will usually be more. A
future extension of this method could be to replace the convex hull algorithm with
one which calculates alpha shape (also known as concave hulls) [285] to provide a better
approximation of the underlying point set.
Importance of Scale
This addition of volume information reintroduces the importance of scale on the
comparison between robot workspaces. As with the considerations within the General
Characteristics section above, the scale of the robot’s workspace must be taken into
consideration. Figure 5.15, for example, shows the volume reachability proﬁle for the
Universal Robot UR5 and Kuka Titan manipulators introduced previously. While the
reachability across the workspace is generally less for the Titan, with a continual de-
cline reachability as opposed to the comparatively level plateau of the UR5 below 60%
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(a) Volume of 92.07% reachability for IRB2400 (0.55 m3)
(b) Volume of 11.11% reachability for Grips (0.02 m3)
Figure 5.14: Screenshots for obtaining interactive volume information from the
reachability profile. 3-Dimensional view can be freely rotated and zoomed.
reachability, the size of the robot means that the volume is in fact far higher, 82.88 m3
compared to the 3.56 m3 of the UR5.
In the case of the Titan this reduction in reachability is likely due to the mechanical
restrictions of the high payload capacity (up to 1.3 Tonnes). The intended use of the
robot is of course not necessarily one of high dexterity.
Benefits of Reachability Profiles
When combined with the corresponding visual reachability maps, the proposed method
of deriving reachability proﬁles allows clear and highly accessible way to compare the
dexterity performance of robotic manipulators even without physical access to the robot
itself. The availability of open CAD models is becoming more and more common, thanks
to projects such as ros_industrial, coupled with the easy access of stable open-source
robotics tools, such as OpenRave, mean that comparison of manipulator workspaces
in far greater detail can be achieved in much less time than could have been possible
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(a) Universal Robot UR5 Volume Profile
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(b) Kuka Titan Volume Profile
(c) Top down view of workspaces for Universal
robot (left in yellow) and Kuka Titan (right in
blue)
Figure 5.15: A comparison of a the UR5 and Titan volume reachability profiles and
the relative sizes of their workspaces.
previously. The use of reachability proﬁles which plot the percentage of points for the
entire range of reachability provides a good comparison for the reachability of the robot
over the whole workspace whilst the extended method which takes into account connected
volumes of high reachability reintroduces the physical scale of the robot and allows easy
location of the most reachable parts of the robot workspace.
When comparing robots in this way it is clearly important to take into account the
intended use of the robot. For the case study described in Chapter 2 Section 2.5.4 for
example, the required payload capacity for the beam line inserts was 700kg. Given the
largest payload capacity for the Kuka Titan is 1300 kg it could be the case that using
another robot with less payload capacity but more reachability within its workspace
would be more desirable. Only by making a comparison of the reachability can this be
eﬀectively taken into account.
Kinematic reachability only calculates the static properties. Extension of the idea with
advanced methods such as Dynamic Manipulability Ellipsoids are one possibility for the
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comparison of the dynamic properties, which are important during movement, as has
been shown by Muhammad et al [258]. However, they also require a complete dynamic
model, including inertia, Coriolis and gravity matrices. These are not often available can
be diﬃcult to calculate and therefore would be an advanced approach, requiring expert
knowledge of manipulator dynamics which reachability proﬁles do not.
5.5 Physical Dexterity Setups
In the following two sections is a proposed suite of dexterity tests to encompass the
tasks gathered through the analysis of responses from the survey of telerobotics experts
performed in Chapter 4. The main proponent of these is an 8-piece, Portable Dexterity
Test Jig, presented in Section 5.5.1. Although the proposed test suite incorporates other
physical tests, presented in Section 5.5.2, the physical tests carried out on real telerobots,
presented in Sections 5.5.3-5.5.4 and Section 6, are done using this test jig.
5.5.1 8-Piece Portable Test Jig
The 8-Piece Portable Test Jig, shown in Figure 5.16, is based on the design of a similar
jig used historically to benchmark the dexterity of power manipulators within the nuclear
industry. Details were obtained from the original designer via a teleoperation expert at
CERN, but no references exist as it was a custom setup. Its basic function is to test the
assembly capabilities of a telemanipulation system within the 3 Cartesian axes and one
angled axis, with an additional rotational test about the z axis.
(a) Starting Configuration (b) Completed Configuration
Figure 5.16: 8-Piece Portable Test Jig developed as part of this thesis (missing Part
F).
The Jig has undergone an iterative design process with each redesign aimed at reducing
weight and increasing portability whilst maintaining the same essential test elements.
Additionally, it is designed to be easily replicable with a standard machine shop, with no
specialist parts, to ensure that the same test can be used by other telerobotics researchers.
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The parts list for the jig is presented in Table 5.4. Appendix C.1 provides more detail
regarding its construction.
Part Description
T
es
t
P
ie
ce
s
A Vertical Side Panel w/ hole for H
B Vertical Side Panel
C Vertical Back Panel
D Horizontal Cartridge w/ Grasp Feature
E Horizontal Plate
F Fixing Screw w/ Grasp Feature
G Tapered Rod w/ Grasp Feature
H Pin w/ Grasp Feature
Su
pp
or
t
P
ie
ce
s I1-I16 Guide pins
J1-3 Modular Base Plates
K1-2 Square-section Supports
L1-2 Supports for G
M1-2 Uprights for Slot for D
N Crossbar for Slot for D
Table 5.4: Portable Test Jig Parts
Parts A - H are the 8-Pieces which are manipulated by the robot during the test. The
sequence of operation is provided below
The sequence of operations for the dexterity test jig are given below and are shown in
Figure 5.17.
Action Motion
1 Extract Plate A from location A1 (pins I1-I4)
2 Rotate Plate A and Slot into location A2 (pins I9-I12)
3 Extract Plate B from location B1 (pins I5-I8)
4 Rotate Plate B and Slot into location B2 (pins I13-I16)
5 Extract Panel C from location C1
6 Slot Panel C between Plates A and B in location C2
7 Extract Cartridge D from location D1
8 Slide Cartridge D under crossbar N in location D2
9 Extract Plate E from location E1
10 Slide Plate E into Plates A and B at location E2
11 Unscrew Screw F from the base plate (Part J1) at location F1
12 Insert Screw F through hole in Plate E
13 Screw Screw F into base plate at location F2
14 Extract Rod G from the angled panels L1 & L2 at location G1
15 Insert Rod G through holes in Plates A and B in location G2
16 Extract Pin H from hole in base plate L1 at location H1
17 Insert Pin H into hole in Plate A at location H2
Table 5.5: Sequence of actions to complete Portable Test Jig
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(a) Start Position (b) 1 & 2 (c) 3 & 4
(d) 5 & 6 (e) 7 & 8 (f) 9 & 10
(g) 14 & 15 (h) 16 & 17 (i) Final Position
Figure 5.17: Sequence of Actions to complete Portable Test Jig, Table 5.5.
Grasp Feature Sizing
A standard grasp feature was incorporated into the design of the test for those parts
which require additional grasp features. The sizing of this grasp feature should be taken
as the scaling factor for the rest of the test to account for the diﬀerent categories of
manipulator and are based on the size of the end eﬀector, discussed in Section 5.3 as one
of the factors which determine the category of manipulator.
The grip feature is a cube of square section with the dimension, dgf , set by:
dgf =
b1 + b2
2
(5.2)
Table 5.6 shows the dimensions for each category of manipulator, along with the depen-
dent sizes to allow for future scaling of the test outside of these categories.
Gripper widths
Manipulator Category b1 b2 dgf
Light 18 10 14
Medium 25 14 20
Heavy 35 20 28
Table 5.6: All sizes in mm
The sizing of the rest of the test is then increased to match this by scaling all of the
parts accordingly.
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Analysis of each action
In order to ascertain which elements of the robot dexterity are tested by the Portable
Test Jig, and which consequently may require further testing, an analysis was performed
into the principle axes of each action. A complete breakdown of each action of the
dexterity test, and which corresponding motion it tests, is provided in Appendix C.2
and is summarised below. It is taken that the x axis corresponds to the front edge of the
test jig, i.e. parallel to the long line of position A1, the y axis is parallel to the long edge
of positions A2 and B2, and the z axis is the vertical axis. α, β and γ are the rotations
about the x, y and z axes respectively. Each distinct action is brieﬂy described and the
required skills for this action listed.
Primary Axes
Actions N. Actions x y z α β γ
1,3,4,6,12,16,17 7 r
2,5 2 r r
11,13 2 r
7 1 r
8 1 r r r
9 1 r r r
10 1 r
14 1 r r r r
15 1 r
Total 17 3 5 12 1 0 5
Table 5.7: The axes of primary movement for each action of the Portable Test Jig.
Table 5.7 shows the primary movement axes for each of the 17 actions of the test whilst
Table 5.8 shows the axes constrained during those actions by the test jig itself. In some
cases the axes could be described more simply by using another reference system. For
example, the primary axes for Action 14 would be the collinear axis of Rod G in its initial
position, pitched. However, as the axes are taken with reference to the base plates, this
has not been done to maintain consistency.
It is clear that while the constrained motions are well represented by the actions involved,
there is a clear bias towards testing motion in the linear axes, Table 5.7, but a lack of
testing in the rotational axes, with only Actions 11 and 13 testing constrained rotational
motion in γ and Actions 2,5 and 8 requiring unconstrained rotation in γ. These limita-
tions are covered with the additional tests presented later, such as the Multi-Axis bolt
test presented in Section 5.5.2 which is used to assess dexterity in the rotational axes.
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Constrained Axes
Actions N. Actions x y z α β γ
1-4,6,15,17 7 r r r r r
7-8,10 3 r r r r r
12-13 2 r r r r
5 1 r r r
9 1 r
11 1 r r r r r
14 1 r r r r r
16 1 r r r r r
Total 17 15 13 7 14 15 13
Table 5.8: The constrained axes for each action of the Portable Test Jig
Test Procedure
To use the Portable Test Jig to verify and/or benchmark the performance of any tele-
operation system, it is recommended that the following procedure be used and the
considerations discussed taken into account.
Part 1: Manual Completion
(a) The test should be set up on a table in front of the participant with each
part in its corresponding "initial position".
(b) The participant should proceed through each stage of the test as indicated
in Table 5.5.
(c) Where possible the participant each part using tongs which are close to
the design of the robot gripper to lessen the eﬀects of additional sensory
feedback or using the actual robot gripper, as in [70], where this functionality
is available.
(d) The participant should use only one arm to carry out the test, unless it is
being used for bimanual testing.
(e) Times are recorded for each part separately.
(f) Where a force sensor is being used, see Section 5.5.3 below, the participant
should tap on the base plate, J3 to provide clear spikes for data analysis.
Part 2: Teleoperation Completion
(a) The test should be set up on a surface in front of the slave manipulator with
each part in its correponding "initial position".
(b) The participant should proceed through each stage of the test as indicated
in Table 5.5.
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(c) Times are recorded for each part separately.
(d) Where a force sensor is being used, see Section 5.5.3 below, the participant
should tap on the base plate, J3 to provide clear spikes for data analysis.
(e) If required, the necessary data should be logged to allow for analysis, as
discussed below.
As was indicated by teleoperation experts, see Section 4.5.2 the use of such a test would
have diﬀerent goals if used research or within an industrial setting. Researchers are more
likely to use such tests to compare the performance of diﬀerent control systems using
the same telemanipulator and industrial users would be more likely to use it to train
operators or to perform a general comparison of teleoperation systems.
Depending on the type of test being performed, the required data to be collected may
change. Extending upon the performance indices presented by Hwang and Hannaford
[71], see Section 2.4, relevant collectable data can include the following:
1. Time to task completion for each part, PCTA - PCTH , and as a whole PCT
2. Interaction forces, Pfs , Pvfs and Pfm
3. Position/Velocity/Acceleration of slave end eﬀector xees ,x˙ees ,x¨ees and PKE
Each of these metrics is calculated as discussed below.
Time to task completion The time is measured for each task with by taking the
times separately at each stage of the test, starting from before the each part is picked up
and ending when the gripper has been removed after the part is correctly inserted and, if
relevant, ﬁxed into its ﬁnal position. Dropping of the part or placing it on the tabletop
for reorientation should not be be accounted for with any addition or removal of the
calculated time. Instead the time required to redress the error using the telemanipulator
is the penalty. If a dropped part is irretrievable by the telemanipulator alone then it can,
for test purposes only, be reset to its original position manually and the time be noted.
However, as manual retrieval would be impossible in most real-world settings, repeated
failure to achieve any particular part of the test should be marked as "impossible" for
the setup being tested.
An example timing chart is provided in Appendix C.3.
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Interaction Forces The measuring of interaction forces between the slave manipulator
and the Test Jig, Pfs , can be achieved by ﬁxing the third base plate section (Part J3) to
a 1 or 3 Axis Force Sensor or 6 axis Force-Torque Sensor, as shown in Figure 5.18. The
process of analysis is described in more detail in the following Section 5.5.3.
Figure 5.18: A 6-axis Force Torque Sensor attached to the base of Test Jig Part J3 for
measurement of interaction forces.
Measurement of master device forces, Pfm are not considered but would depend on the
speciﬁc device used. None of case studies described in Chapter 6 was equipped with such
a force sensor and as such this was not considered.
Position/Velocity/Acceleration of slave end effector Where access to the joint
position information is available the position of the slave end eﬀector can be obtained by
using the forward kinematic model which is obtained by a combination of the transform
matrices for each joint, Equation 5.3.
N
0 T =
1
0 T
2
1 T · · ·
n−1
n−2 T (5.3)
where N is the number of joints. The current position of the end eﬀector is taken as the
translation vector xees and rotation matrix ωees extracted from each resulting transform
matrix _0NT .
The velocity of the end eﬀector in Cartesian and rotational space can be taken as the
derivative of these with respect to time:
x˙ees =
δxees
δt
(5.4)
ω˙ees =
δωees
δt
(5.5)
It is not recommend to further derive these velocities into acceleration. If such a value
is required instead an additional sensor to measure acceleration should be added.
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The kinetic energy of the slave, PKE can be derived using the equation presented in [71]:
PKE =
∑tfN
i=1 0.5(xeesi)
TMsxeesi
tfNsamples
(5.6)
where Ms is the mass of the slave, tf is the recording time and Nsamples is the number
of samples recorded.
5.5.2 Additional Dexterity Tests
Although the Portable Test Jig described in the previous section has been shown to
test a signiﬁcant proportion of the various Cartesian axes, it is not comprehensive in its
testing of the telemanipulator capabilities. Indeed it is possible that no test can be truly
comprehensive in its testing of the capabilities of any teleoperation system, given the
widely varying capabilities that exist. However, this work has aimed to provide at least
a starting point through which such a standard test suite could be formed.
As a result, there are several additional tests which are proposed here, but which have
not been subjected to the physical testing and in-depth analysis which the Portable Test
Jig has received. We present these tests here in order that the test suite proposed here
is as theoretically comprehensive as it can be, and so that the proposal of these tests be
available for future research. The physical testing which should be followed to implement
these tests would be comparable to that described for the Portable Test Jig and thus
provision for such testing is accounted for in this work.
XYZ Connector Test
One of the major categories which was introduced by the survey, see Section 4.5, was
the prevalence for objects within the Connectors category to be marked in responses as
diﬃcult tasks. Thus it was concluded that some of the most complicated connectors can
be considered as the top end of the capabilities of telemanipulation in general. A test
is therefore proposed here which takes into consideration the testing for connection of
objects within the Connector category, along all three Cartesian axes and including the
three rotation axes where those connectors are rotational in action.
A draft design for the test is shown in Figure 5.19.
As can be seen, the test is composed of a cuboid with two long edges removed, in
order to allow access from the robot. The provision for connectors is provided by the
holes in positions A,B,C and D. The exact connection of each individual connector will
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(a) CAD rendering
(b) Draft View
Figure 5.19: Views of the XYZ Connector Test Unit
clearly be diﬀerent, as each connector has a slightly diﬀerent method of mounting, but
an example of such mountings for three connector types is shown in Figure 5.20 for a
simple connector test used by teleoperation technicians at CERN.
The test can accommodate any connector type which can be mounted as such within the
holes of the test setup. In this way the test is ﬂexible and provides the possibility that
users can test whichever connector is important for their testing purposes.
An example of connector types is given below based on those extracted from survey
responses with additional connector types added from the literature, Section 2.4.1. These
examples, though certainly not a comprehensive list, are listed in Table 5.9, along with
their connection action and sizing details.
Test Procedure The procedure for this test is as follows:
1. The test setup is bolted to a ﬁxed surface within the workspace of the robot using
holes Z1 − Z4. Additionally these can be used to attach the test to a 3 or 6-axis
force sensor as described in Section 5.5.3 to obtain interaction force data.
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Connector Type Action Min Size Max Size
Conical Coupling Pipe Coupling Screw DN10 DN300
Clamp [286] Pipe Coupling Screw/Squeeze 0.25" 16"
Vacuum Seal [287, 288] Flanged coupling Align and bolt 2.5" 16.5"
DNC/BNC [289] Signal Push and twist 11.08mm 14.53mm
Burndy [290] Multi-pin Signal Push & lock 20mm 75mm
DB-Sub [72, 291] 9-104 pin Signal Push (& screw) 30mm 69mm
Telephone plug (RJ) [72, 292] Signal Push 16mm 25mm
Bendix [72, 293] Multi-pin Signal Push & lock 1" 2.5"
Bunch pin plug [294, 295] Electric plug Push 2mm 4mm
Bayonet [296, 297] Multi-pin Signal Push & turn 21mm 53mm
Table 5.9: Examples of connector types which could be used in this test. Items in the
top section come from survey responses and items in the lower section are taken from
the robotics literature. The values taken in Min and Max Size indicate the diameter
of the grip point of the connector. These are merely a rough indication of the range
of sizes which the connectors come in from an example commercial range, referenced
where appropriate, and should not be taken as a comprehensive range of sizes for the
connector type.
(a) The test board
(b) Multipin (c) Bendix (d) Electric Plug (e) Fuse Plug
Figure 5.20: A connector test used at CERN
2. 4 Connectors are attached through holes A,B,C and D.
3. The test is performed for each of the connectors, with the robot manipulating the
mating connector piece.
4. Times are recorded for each connector, with start time taken from when the mating
connector piece is grasped and ending when the robot has removed contact after a
successful connection.
5. The process is repeated for disconnection.
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Additional Setups The process outlined above provides 2 tests for the the z-axis
connection/disconnection, one from above and one from below, and only one test along
the x and y axes. This is because it is is assumed that the z-axis connection from
below will likely be the most challenging, whilst the side from which the other axes are
approached will make little diﬀerence. However, the test setup can be mounted in 4
more conﬁgurations by using the holes X1−X4 or Y 1− Y 4 for mounting instead. Use
of these holes can allow mounting with the vertically mounted connector either facing
towards or facing away from the robot, thus allowing 2 diﬀerent conﬁgurations each.
A further additional setup can be provided by mounting the test on an angled surface.
In this way the test can be used to assess the dexterous performance more than just the
basic Cartesian axes.
Multi-Axis Bolt Test
One of the main tasks which was cited in the survey responses was that of screwing
and unscrewing bolts. Therefore, this is clearly a core task for any telemanipulation
system. Unlike the XYZ Connector Test previously described, which is proposed to
test the upper limit of the telerobot’s capabilities, a test which determines how well the
telerobot can manipulate bolts should then be considered as a test for the lower level
of those capabilities. The test proposed here tests this task along a variety of diﬀerent
axes and with ﬂexibility in the size of bolts which are used. The theoretical design of
the test is proposed here for 3 versions of the test, corresponding to the 3 Manipulator
Categories described in Section 5.3.
The test is comprised of a hollow tube with holes bored at regular intervals in a spiral
pattern up the body of the tube. The hole sizing is based on a range of bolt sizes which
can be accommodated by the test, with these sizes presented in Table 5.10 and are set
by the end eﬀector sizes b2 and d and the width of the bolt head.
Category b2 d Min Size Head Size Max Size Head Size
Light 10 90 M5 8 M14 22
Medium 14 120 M7 11 M30 46
Heavy 20 150 M12 19 M56 85
Table 5.10: The range of bolt sizes divided by each Manipulator Category, based on
standard hex bolt sizes [298, 299]. All sizes are in mm
Figure 5.21 shows a draft of the Multi-Axis Bolt test. The dimension A is deﬁned by
the maximum bolt head size and the diameter of the pipe, θ, is deﬁned by the required
angular resolution to be tested, ∆ang and the hole size, hmax. The bolt is fed through
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each hole and a washer is added to accommodate smaller sizes of washers in the larger
holes, an example of which is shown in Table 5.11.
(a) Base (b) Pipe (c) Combined
(d) Pipe draft (e) Base draft
Figure 5.21: CAD and draft views of the Multi-Axis Bolt Test
Category Hole Size (hmax) Min Bolt Size Washer ISO Min I.D. Min O.D.
Light 14 10 10 7091 11 18.7
Medium 30 14 14 7093 15 43.38
Heavy 56 20 20 7093 22 58.1
Table 5.11: Examples for the washer sizing for the smallest bolt rating within each test,
with the ISO reference for each washer [300] and Minimum Internal (I.D.) and Outer
Diameters (O.D). All sizes are in mm
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The number of holes in a particular test is determined by the following:
nholes =
360°
∆ang
(5.7)
To determine the diameter of the pipe:
θ =
hmax
pi
nholes (5.8)
with the length of the pipe being deﬁned as:
Lpipe = 1.05(1.5hmax nholes) (5.9)
The sizes of the base, a and b are deﬁned:
a = 2θ (5.10)
b = 0.05(1.5hmax nholes) (5.11)
Thus, to derive the pipe size for the test within the Medium manipulator category with
an angular resolution of 15°, the process is as follows.
hmax = 30mm
∆ang = 30°
nholes =
360°
30°
= 12
θ =
30
pi
12 = 115mm
Lpipe = 1.05(1.5(30)12) = 567mm
a = 2(115) = 230mm
b = 0.05(1.5(30)12) = 27mm
Test Procedure The procedure for this test is as follows:
1. The test setup is bolted to a ﬁxed surface within the workspace of the robot using
holes Z1 − Z4. Additionally these can be used to attach the test to a 3 or 6-axis
force sensor as described in Section 5.5.3 to obtain interaction force data.
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2. Bolts are attached through each of the holes using a ﬁxing nut and washers of the
correct size.
3. The robot is used to screw an additional nut onto each bolt starting from one end
and proceeding down to the last.
4. Times are recorded for each bolt, with start time taken from when the nut is
grasped and ending when the robot has removed contact after successfully screwing
the bolt to the end of the exposed shaft.
5. The process is repeated for unscrewing.
Additional Setups As with the XYZ Connector Test, this setup can be attached in
various conﬁgurations to extend the test space. In the described conﬁguration it only
tests axes around the γ axis. To complete the same in α and β axes the pipe should be
mounted horizontally along the x or y axis of the robot. Care must be taken to provide
adequate vertical distance between the pipe and the surface as several of the bolts will
only accessible from below.
Additionally it should be noted that attachment to a force sensor in these conﬁgurations
will need calibration to account for the inertia of the test.
5.5.3 Measuring Interaction Forces
As demonstrated by Hannaford and Wood [72], a robust way of obtaining interaction
forces with a ﬁxed test jig is not to attach the force sensor to the robot itself, as is
commonly done in telerobotics, but instead to mount the test jig itself to a 6-axis force
sensor. As demonstrated below this gives very clean force data which is straightforward
to analyse.
In this section is presented such a force-analysis approach applied to the test suite
proposed in this chapter. A test case for the approach is given for the Portable Test
Jig, Section 5.5.1, but could be applied in the same way for the additional tests in
Section 5.5.2. This approach could also be used with other force sensors, such as a 3-
axis or even single axis force sensor, which would give less data. Only the data from
the 3 linear axes were included in the calculations, the torque values were ignored,
because the Portable Test jig provides testing for mostly these axes as shown above.
This simpliﬁcation would not be acceptable for the XYZ Connector test, for example, as
reducing high torques on the connectors would be highly important.
Chapter 5 Development of a Suite of Standard Telemanipulation Tests 135
The test jig was taken split into two parts: The "initial position" part with base plates
J1 and J2, and the "ﬁnal position" part with base plate J3. An ATI 6-axis Force/Torque
sensor was attached to the base of the latter plate and ﬁxed to the table, as shown in
Figure 5.22.
Figure 5.22: "Initial position" base plates J1 and J2, on the right, and "final position"
plate J3 with ATI Force/Torque sensor attached.
This setup allowed the interaction forces for insertion to be measured without interference
from the extraction motions. It also ensured that the ﬁnal position of the Test Jig was
ﬁxed, as is likely to be the case in many maintenance procedures.
The sample rate of the sensor fs = 7000Hz. The logged force data in the z-axis, Fz is
applied in the time domain to transfer function H, which acts as a low pass ﬁlter with
a cutoﬀ frequency, fc = 1Hz.
H =
1
f−1c s+ 1
(5.12)
This is then smoothed using a moving average ﬁlter, MA
MA =
Fz(t) + Fz(t−1) + · · ·+ Fz(t−(n−1))
n
(5.13)
where n = 2fs.
A gradient function was then applied,
▽Fz =
∂Fz
∂z
(5.14)
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Those sections of the test where no external forces were being applied to the test jig, i.e.
it was at rest, were determined by combining the data with the known weights of each
part. These weights were calculated from the force data of one manual trial of the test,
Figure 5.23
Figure 5.23: X, Y and Z forces collected during a manual trial of the dexterity test, for
calculation of the part weights.
The data shows that there is a clear "step" proﬁle during each sequential part of the
test, as every piece of the test adds more weight to the completed test jig. This makes
demarcation of each stage a simple task, particularly when taken along with the "taps"
which are visible as spikes of high force in all three axes. Also shown are the zones of the
graph which can be taken as "ﬂat", which allow for easier visualisation of the diﬀerent
stages. From these ﬂat sections the average weights of the parts can be determined,
allowing for subsequent analysis to use these weights as a reference.
The force applied by each of the parts is provided in Table 5.12. These are then plotted
on the graph to allow visual analysis of each stage of the test. Although they could
also be used to calculate the forces automatically, this was not desirable in this case
as certain areas of the task (such as the "taps" themselves) must be removed from the
analysis in order that they do not cause inaccuracies in the results. The only way to
reliably ensure that this did not happen was to segment the data manually. However,
given the presence of the taps and ﬂat sections of the graph, shown in Figure 5.24, such
a manual segmentation is simple to perform.
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Part Total Z-axis force (N) Part Weight (kg)
None -27.03 2.76
A -55.31 2.88
B -83.48 2.87
C -93.48 1.02
D -94.77 0.13
E -101.88 0.73
G -105.13 0.33
H -105.13 0.00
Table 5.12: Weights and forces applied by each test part.
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Figure 5.24: The force signal in the z-axis captured during a manual trial. The measured
weight of each part is slightly offset to the known values, Table 5.12, due to drift in
calibration or movement of the base, which is accounted for in calculation.
The start and end points of a movement were marked on the graph, as well as marking
of the start and end of a ﬂat section of the graph before each movement. The smoothed
z-axis value was taken between the latter of these in order to account for variation in
the measured force from to the values in Table 5.12 due to factors such as movement of
the test jig or drift in calibration of the sensor.
Force Metric
The force metric Pfs was calculated using equation 5.15.
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Pfs =
tN∑
i=0
|fsi|
/
tN (5.15)
where N is the number of samples between the start and end positions of the part
insertion, t is the time taken for that part and fsi is the measured force for that sample.
This is calculated using the raw (unsmoothed) signal between the start and end times of
each insertion as labelled by hand. The Z axis and XY axes are calculated independently
to each other due to the cumulative part weight. To adjust for this the Z axis force is
reduced by the force applied by the parts already added to the base, the "Total Z-axis
force" from Table 5.12, in accordance with equation 5.16.
fszi = fszi − fprev (5.16)
fsxyi = fsxi + fsyi (5.17)
where fprev is the Z force applied by the previous parts already present on the base and
fsxi, fsyi and fszi are the X, Y and Z forces applied by the slave to the base at any
individual sample.
Force Variance Metric
The force variance metric, Pvfs , is calculated using equation 5.18.
f¯s =
tN∑
i=0
fsi
/
tN
Pfs =
tN∑
i=0
f¯s − fsi
/
tN (5.18)
Hwang and Hannaford deﬁne the force variance as a measure of "the ability to control
force during a constrained motion". Therefore, high values of this metric will indicate
that consistent control for a particular movement is hard to achieve. Low values will
indicate high achieved consistency, even where the force value itself is high.
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5.5.4 Dexterity Degradation: Removing Variables
The physical dexterity tests presented in this section have been proposed to provide a
general way to assess the dexterity of telemanipulation systems. The addition of manual
trials provides the possibility to assess the degradation of the operator’s dexterity with
a telemanipulator when compared to their dexterity without it.
These test could be useful in both industrial and research settings. However, the
requirements in these settings are diﬀerent.
In industry, on one hand, the professionals contacted during this thesis, both from the
survey presented in Chapter 4 and from other industrial interactions over the course
of this project, revealed that they require tests which are little more than a physical
medium by which their specialists can judge the performance of the diﬀerent systems in
a qualitative manner. They state that there is a need for any sort of test at all which
can aid teleoperation technicians in the task of comparing diﬀerent telemanipulators for
their dexterous performance. This is compatible with the tests presented here. However,
this qualitative aspect suggests that their deﬁnition of dexterity is not something which
can be easily quantiﬁable, in the way that "reachability" is quantiﬁable, as has been
shown in Section 5.4.
In research, on the other hand, the scientiﬁc method requires that tests must be carried
out whilst paying particular attention to the variables which are being tested and those
elements which are to remain constant throughout. If too many variables change between
separate trials of the test then there is a distinct possibility that any noticeable eﬀect
in the resulting data could be the result of one of these variables, and not the one being
tested. In teleoperation it is diﬃcult to assure that all variables have been accounted for
given the wide number of factors inﬂuential to the task performance such as cognitive
fatigue, operator skill, viewing restrictions, etc.
It is important to understand how the same tests proposed could be used to produce
quantiﬁable results for use in experimental settings, such as comparing the performance
of diﬀerent control systems or comparing diﬀerent viewing setups.
Table 5.13 shows some example variables for which could be tested with this setup and
indicates the other factors which should be maintained as constant in order that the
comparison be valid.
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Test Variable
Constants Operator Skill Camera Setup
Operator r
Camera setup r
Lighting r r
Control system r r
Communication r r
Master/Slave Devices r r
Table 5.13: Example variables which could be tested using the dexterity tests presented
here
Viewing Setup
During trials with the robotic setup it was discovered that the properties of the camera
system have a very high eﬀect on how easy the task is to achieve, results presented in
[301]. When conducting manual trials the viewing setup is unlimited, as it is provided
by the human eye and body working together to get the best view of the test. Camera
setups on the other hand have problems of lighting, low image quality, delay and require
mental rotations by the operator [302]. Attempting to compare results of manual trials
with results achieved through a telemanipulation system using a camera setup does not
adhere with the ideal of removing variables given all of these factors. The eﬀect of
reduced viewing inﬂicted by the camera setup is likely to have a very high inﬂuence on
the results and therefore make comparison meaningless.
The only way to reduce this eﬀect is to ensure that manual and teleoperated trials have
as close to the same viewing setup as possible. This could be achieved in two ways:
1. Direct viewing close to the robot. This requires that no camera setup is used
at all, with the operator and master device placed as close to the slave and dexterity
test as is safely possible, Figure 5.25.
2. Providing operator with the same camera setup. New head-mounted display
technologies such as the Oculus Rift [303] allow a computer display to completely ﬁll the
eye’s ﬁeld of view. This could make it possible to apply the same camera setup to the
operator through the manual trials as with the teleoperated trials, Figure 5.26, thereby
removing the variable of viewing setup between the two trials.
As can be seen from the illustrations, tongs are proposed for the manual trials to reduce
the eﬀect of ﬁne haptic feedback provided by the skin, as this feedback is not present in
the teleoperated case.
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(a) Manual case (b) Teleoperated case
Figure 5.25: The direct viewing setup to remove as much as possible the effect of
viewing differences.
(a) Manual case (b) Teleoperated case
Figure 5.26: Viewing setup with a head-mounted display to remove viewing setup
variable between manual and teleoperated trials.
5.6 Summary
This chapter has presented a suite of tests designed to help engineers assess telemanip-
ulators for maintenance tasks. These tests have been provided in three stages, to allow
engineers to employ tests to whichever level of complexity that is available to them.
The ﬁrst stage corresponds to quantifying the general characteristics of the robot. It has
been shown that it is possible to perform this by analysing information provided by the
manufacturer and that which is publicly available. Therefore, it provides a base level
knowledge about the robot from which the further stages draw information.
The second stage, kinematic reachability analysis, described the method for extracting
detailed reachability information from simple models of the robot, such as are often avail-
able publicly through new projects such as the ros_industrial consortium. A method was
presented to extract information from kinematic reachability maps for easy comparison
of diﬀerent manipulators using Reachability Proﬁles, both by fraction of reachable points
within the workspace and connected volumes of high reachability which were combined
into a handy graphical tool.
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The ﬁnal stage proposed three physical dexterity setups and presented the physical
development of one of these, the 8-Piece Portable Test Jig. This test setup was analysed
and a test procedure presented along with guidelines for how to employ these test in
an experimental setup whilst maintaining ﬁxed variables, by using a direct or consistent
viewing setup and employing force analysis using two performance metrics.
The test suite will be applied to two industrial telemanipulation systems in the following
chapter.
Chapter 6
Experimental Results
In this chapter the proposed dexterity test suite is applied to two telerobotic systems.
These robots have been chosen as complementary to each other to demonstrate the
process of testing for dexterity. The ﬁrst is a master-slave system with hydraulic slave
manipulator, the Kraft Grips, which was a good choice due to its availability for open
testing and the presence of publicly available information from the manufacturer. The
second, the Mantis robot, provided a good comparison due to its higher level of reach-
ability, and also shows how lack of information, due to it being an old system with
no manufacturer information, was overcome to obtain some, reduced, testing of the
dexterity.
6.1 Case Study 1 - Kraft TeleroboticsTM Grips Master-Slave
The Grips Master-Slave Telerobot is used as a case study as an example of for the
following reasons:
1. It is a commercially available system with a typical quantity of publicly available
information about the system.
2. The slave manipulator is hydraulically actuated, to contrast with the more common
electrically actuated telemanipulators, which demonstrates the ﬂexibility of the test
suite.
3. The system was physically available, with a custom designed, open control system
to allow low-level data collection.
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4. The slave manipulator has comparatively low reachability, see Section 6.1.3 and as
such was a good example of the lower end of telerobotic dexterity.
6.1.1 Description of Telerobot Hardware
The Grips Telemanipulation System from Kraft Telerobotics, Fig. 6.1, consists of a
master and slave device. The slave is hydraulically actuated, with 6 DoF and a gripper,
and uses pressure diﬀerence in the hydraulic cylinders to calculate forces. The master,
with 6 DoF, is electrically driven in the ﬁrst 5 joints to allow force reﬂection and is
kinematically similar to the slave.
The Grips Telemanipulator is largely used for heavy duty applications, such as sub-sea
lifting operations, which is reﬂected in its high maximum lifting capacity of 82kg with
a robust but imprecise control. The master device has also been used by NASA for a
proposal for the Internation Space Station [304].
(a) Master Device (b) Grips Slave
Figure 6.1: Industrial, hydraulically powered Grips Telemanipulator and master from
Kraft Telerobotics. Master and Slave are kinematically similar, with equivalent joint
axes indicated.
The manufacturer’s controller for the Grips Telemanipulator has been replaced by a
bilateral controller running on a National Instruments PXI running Real-Time Labview,
Figure 6.2. This control architecture does not include a communication time delay.
This change in control system means that the system tested in this study is not exactly
the same as that which would be supplied by the manufacturer on procurement, and
thus the analysis described in this section should not be taken as an entirely accurate
representation of the product. However, the beneﬁts provided by the open control system
justiﬁed such a change for research purposes.
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Figure 6.2: The Force-Position bilateral control architecture used in the system.
6.1.2 Grips Master-Slave - General Characteristics
The general characteristics section of the test suite is designed to allow comparison of a
robot to which no, or little, physical access is available (for example, when comparing
manipulators before purchase). For the Grips Master-Slave this means that most of
the data are taken from the Information Brochure for the Slave Manipulator from
Kraft TeleroboticsTM [263], with additional information taken from the manual which is
supplied with the system.
Maximum payload capacity The maximum lift capacity within the workspace is
speciﬁed as 82kg [263], which would place it ﬁrmly in the Manipulator Class "Heavy
Electrical Master-Slave", as there is no speciﬁc class for hydraulic manipulators in
ISO17874[57] and the manipulator is neither a power manipulator nor a purely me-
chanical system.
However, at full extension the speciﬁed lift capacity is only 45kg. Thus, according to the
speciﬁcations, as deﬁned in Section 5.3, this should be taken as the eﬀective maximum
lift capacity, placing this telemanipulator at the top end of Manipulator Class "Medium
Electrical Master-Slave".
Degrees of Freedom (DoF) The slave manipulator has 6 DoF, plus the gripper
actuation, giving a total of 6.5 DoF. The master device has 5 actuated DoFs and 1
un-actuated DoF.
Although the master and slave are kinematically similar they are not identical. This
means that it is possible that either not all of the workspace of the master is reﬂected
in the slave or vice versa. In either case this would be a reduction in the performance
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potential of one of the devices. Whilst performing physical tests it was noted that
although the axes of the three ﬁnal degrees of freedom of the master intersect a common
point this is not the case in the slave, and thus it was shown that the slave was more
restricted in terms of workspace than the master.
Approximate Workspace The working envelope provided by the manufacturer is
shown in Figure 6.3.
Figure 6.3: The provided working envelope for the Grips Slave Manipulator
Weight and power source The weight of the slave manipulator, not including the
hydraulic power source, is speciﬁed as 59kg in air. The power source required is a
hydraulic supply with pressure of 104-207 bar and a ﬂow rate of 11 litres/minute.
End effector gripper size Table 6.1 shows the dimensions of the Grips standard
gripper. Figure 6.4 shows a visual comparison of the same. This places it mostly into
the "Medium" Manipulator class.
Dimension
b1 b2 l1 l2 d
37 13 98 41 102
Manipulator Class
Light
Medium
Heavy
Table 6.1: Gripper tong sizing for the Grips Slave for end effector dimensions. All sizes
are in mm
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Figure 6.4: A visual comparison between the Grips End Effector Gripper and the sizing
for the three manipulator classes.
6.1.3 Grips Master-Slave - Kinematic Reachability Mapping
The process undergone to derive the kinematic reachability metrics for the Grips Slave
has been discussed in detail in Section 5.4. These details will not be repeated again here,
instead the results are presented brieﬂy.
A rendering of the Grips reachability map is shown in Figure 6.5, which has been scaled
in colour to improve the visibility. It shows a section of higher reachability lying around
the area just below the base of the robot with several points of, comparatively, high
reachability when the robot is in an "arm-down" conﬁguration. Reachability decreases
signiﬁcantly for points lying above the robot’s "arm-out" position, with numerous bands
of unreachable points lying radially to the overall curve of the reachable workspace.
Figure 6.5: The reachability map for the Grips slave manipulator, with colour factors
scaled by 5x to improve the clarity of the image. Colour factors are made opaque by
0.7x, to allow reachable zones in the centre to be viewed from the exterior.
Comparison to Advertised Working Envelope Figure 6.6 shows an approximate
visual overlay of slices of the calculated reachability maps onto the working envelope
provided by the manufacturer. It is clear that although the advertised workspace is a
fairly good approximation of the true workspace, it lacks detailed information which
only reachability mapping can provide, such as blank spots of no reachability within
the outer perimeter of the workspace. The colouring also clearly shows that the most
dexterous regions are within the lower portion of the workspace, and that it varies in
distinct sections.
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Figure 6.6: An approximate overlay of slices, 10 samples deep, from the reachability
map over the working envelope supplied in the Grips Brochure [263], clearly showing
the improved information provided by this method.
Reachability Profile The reachability proﬁle for the Kraft Manipulator is shown in
Figure 6.7. It is clear that the reachability of the Grips is particularly low, with no
point reaching more than 18% of orientations and 93.92% of the tested points within
the reachable workspace being completely unreachable. This is shown in the reachability
proﬁle in an absence of data points lying above 0.0608 on the y axis of the graph.
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Figure 6.7: The reachability profile for the Grips Slave Manipulator. Points zero
reachability are omitted for clarity, but correspond to 93.92% of points within the
reachable workspace.
Also, visualisations of the highest connected volumes of reachability are shown in Fig-
ure 6.8, for reachabilities of 4.12%, 8.49% and 11.66%, corresponding to connected
volumes of 0.50 m3, 0.12 m3 and 0.01 m3 respectively. It can clearly be seen that
the most reachable area is the bottom half of the workspace, with the highest reachable
area being a small point below the robot. Therefore, for dexterous tasks, it can be
concluded that the best area to place objects is towards this area. This consideration
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was utilised for the placement of the physical dexterity test described in the following
section.
(a) 4.12% (0.50 m3) (b) 8.49% (0.12 m3) (c) 11.66% (0.01 m3)
Figure 6.8: Areas of highest connected reachable volume within the Grips workspace,
with the convex hull around the entire workspace visualised for three percentages of
reachability (with volume of reachable area).
6.1.4 Grips Master-Slave - Physical Dexterity Testing
The Kraft Telemanipulation System was tested as a whole using the Portable Test
Jig described in Section 5.5.1. Trials were performed with the direct viewing setup
shown in Figure 6.9. As described in Section 5.5.4 this approach ensures that as
little is aﬀected by the changes in camera setup as possible when diﬀerences are being
compared between performance of a physical dexterity test in "bare hand" trials with
those completed through the teleoperation system. The viewing was performed as close
to the physical setup as possible without risking the operator’s entering into a dangerous
part of the workspace. The "safe zone" in which the operator could stand was conﬁrmed
by referencing the kinematic reachability map in Figure 6.5 which shows that the area
contains very few points with very little reachability.
Figure 6.9: The physical setup for dexterity testing of the Grips Telemanipulator with
the operator positioned for direct viewing as close to the robot as safely possible.
Placement of the test The positioning of the dexterity test was also performed by
referencing the reachability map in Figure 6.5. The test was positioned so that the ﬁnal
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positions of the test components would be, as far as possible, within the areas of high
reachability of the manipulator. In this way the testing of the system would present it as
the maximum of its capability in this setup, and not unjustiﬁably limit its performance
solely through misplacement of the test.
Were it desired to test the system’s dexterity within a diﬀerent, speciﬁc, area of the
workspace, regardless of its theoretical reachability within that space, then it would be
reasonable to place the test jig there. This may be desirable, for example, where the
robot was limited in placement in the remote environment due to space restrictions and
its optimal zone of reachability was not able to be entered.
Test Procedure The test was carried out in 2 stages, in accordance with the test
procedure described in Section 5.5.1. Firstly the test was completed manually, with the
operator completing the dexterity without the telemanipulation system. In order that
the eﬀect of increased haptic feedback aﬀorded by the operator’s bare hand, in this stage
manipulation of the test pieces was handled with a pair of tongs, as shown in Figure 6.10.
Although this did not completely remove the inﬂuence of haptic interaction as a possible
interfering variable, as the manipulator does not have force feedback in the grip action
whereas the tongs inherently do by design, it at least reduced this eﬀect and removed
the eﬀect of skin touch, which can have a large eﬀect on human dexterity [305, 306].
Figure 6.10: Tongs were used to reduce the effect of the better haptic feedback the the
manual portion of the dexterity test.
The manual and teleoperated cases of the dexterity test were performed in this case with
3 test participants. This sample size of three operators is admittedly small, and therefore
the statistical signiﬁcance of these results cannot be assured. However, the experiment
was constrained to such a small sample for the following reasons:
Low availability of skilled operators The availability for operators who were skilled
enough with the telemanipulator to perform the test was low. This is mostly due to the
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fact that the robot is situated within a research laboratory and the number of participants
which are familiar with the robot in any capacity is low. However, even those participants
who are slightly familiar with the robot were generally not skilled enough with the system
to complete such a task as the dexterity test proposed here, as the low dexterity of the
system makes it very complicated. It has been shown in previous experiments, such
as the welding task presented in [301], that the skill required to operate this particular
teleoperation system for even a simple line tracing task is very high. Unskilled operators
ﬁnd it hard, or in some cases impossible, to complete basic assembly tasks with the
robot.
As a result of this the number of skilled operators capable of carrying out the test was
limited to 2. A third operator was able to carry out the manual trial but was only able
to complete a single piece of the test before the cognitive strain became too much and
the test was abandoned. This in itself could be taken as indication of the low dexterity
of the telemanipulator.
This situation would be diﬀerent were the test employed within an industrial setting, as
multiple skilled operators would be existent in the facility, as they will have undergone
a training period with the telemanipulator for many hours. The situation would also be
diﬀerent if the telemanipulator had a higher dexterity, as it would mean that the robot
could be more easily used by less skilled operators.
Proof of concept Due to the low number of participants this test can taken to be
merely a proof of concept and designed to show how the test can be used in such a
setting. It can be compared with the other case studies in this section to give a general
picture of the suitability of this test.
Experimental Times - Manual Case
The times for manual trials of three operators are given in Figure 6.11.
It can be seen from these results that in the manual case each of the parts can be
completed within a similar amount of time for Operators 1 and 2. All parts were
successfully completed by these operators in under 25 seconds, with no clear preference
for any task being more complicated than another. Although it cannot be said for
certain given the low number of participants, this could be indicative that the level of
diﬃculty when completing the test manually is fairly similar between parts. It is clear
that Operator 3 completed the test in more time than the other participants, suggesting
that this participant was generally lower in their dexterous capability for such a task,
with an overall time, PCT , of over double the other participants.
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Figure 6.11: Times for each stage of the Portable Test Jib, completed manually.
Experimental Times - Teleoperation Case
The trial was then carried out through the telemanipulation system, with the direct
viewing setup described in Section 5.5.4, so that the operator was placed as close to the
Test Jig as was safely possible during the operation of the robot. The test was then
carried out for each operator, the times of which are shown in Figure 6.12.
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Figure 6.12: TTimes for each stage of the Portable Test Jig, teleoperated with the
Kraft system.
These results show that the telemanipulation system apportions a very large increase in
time over the manual portion of the test. Whilst times for individual parts performed
manually did not exceed 1 minute for any of the operators, with most parts falling below
30 seconds, in the teleoperated case none of the operators was able to complete any of the
parts in under 1 minute. The part which took least time was that of Plate B for Operator
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2, which was completed in 1.14 minutes. The results show a slight trend towards Plate
C being the most diﬃcult in this setup, with Operators 1 and 2 completing taking the
longest to complete this part of the test, in 4.13 and 3.54 minutes respectively.
As was mentioned above, Operator 3 was not familiar with the teleoperation system,
having only operated it once before and never to complete a speciﬁc task. This is
reﬂected strikingly in the results for the teleoperated case, where it took them 14.26
minutes to complete only the ﬁrst part of the test, Plate A. This contrasts with the
other operators who completed this section in only 1.57 and 2.69 minutes respectively.
The time for completion of just one part of the test for Operator 3 was almost equal to
the time for the entire test of other operators and the test was abandoned after this one
plate due to cognitive fatigue.
Experimental Times - Learning Effects
In addition to the operator comparison tests described previously the test was also con-
ducted with the same operator multiple times in order to assess the presence of learning
eﬀects with the dexterity test. The results of three trials are shown in Figure 6.13.
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Figure 6.13: Times for each stage of Portable Test Jig, demonstrating learning effects
with one operator.
It is readily apparent apparent from these results that learning eﬀects are evident for
almost all of the parts in this test. The overall time, PCT , is decreased with each
successive test, from 16.26 minutes in total for the ﬁrst trial down to 7.69 minutes in the
third, a factor of more than half.
What is notable, however, is the relative improvement over the diﬀerent parts of the test.
The most striking improvement came for the handling of Plate C, which took the most
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time in Trials 1 and 2, at 3.54 and 4.61 minutes respectively and reducing to only 37.67
seconds in the ﬁnal trial. This is likely to be attributable to the fact that the insertion
of Plate C involves a vertical insertion in part of the robot’s workspace which is not
reachable from such an orientation, visible in Figure 6.9. Thus the insertion requires the
operator to perform a "trick" manipulation technique, which involves releasing the part
in an awkward position and tapping it with the gripper. Such an action is more easily
achievable with practice, which is reﬂected in the reduced time of Trial 3 for this part.
The part of the test displaying the least learning eﬀects was that of handling Rod G.
This involved a reduction of only 33.73 seconds over all trials. This could indicate that
the extraction and exertion of this part maintains a fairly consistent level of diﬃculty
regardless of learning, or could mean that the operator had not learned the required
technique to improve the times of this task over the course of the three trials.
6.1.5 Force Analysis
The force analysis, with forces collected from the 6-axis Force-Torque sensor was carried
out on the data following the method described in the previous chapter.
Manual Trials
The forces were calculated for 4 manual trials, consisting of the 3 trials described in the
time analysis above and a fourth which was used for calibration of the part weights in
the previous section. The results of these are shown in Figure 6.14.
The results show that the highest forces are applied during the insertion of the three ﬁrst
parts (Plates A, B and C), which also demonstrate the highest range of force variance.
The force metric for the X and Y axes remains fairly constant across all parts, suggesting
that most of the application of force in the Z-Axis is most indicative for this test. This
could also be somewhat aﬀected by the moment applied to the force sensor from the
base plate itself, however the lack of similar consistency in the variance metric suggests
that this is unlikely to be the case. Per The least variance in all 3 axes was seen for the
insertion of Pin H, which also had the lowest force in the Z axis.
Robot Trials
The results of the force analysis for the teleoperated trials are shown in Figure 6.15. It
is clear that the general level of force applied is higher, with a maximum Z force of 30.68
N/sec compared to a maximum of 12.98 N/sec in the manual trials. As with the manual
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Figure 6.14: Application of the force metrics for forces applied in the z-axis and
combined axes across four manual trials.
trials, Plates A, B and C had higher forces on average when compared to the other parts.
However, the application of Plate E has the biggest spread, with a high spread in both
force and variance. This could be due to the tendency of to fall out of its slot in Plates
A and B, therefore causing a high peak force. Alternatively, it could also be attributable
to the fact that insertion of Plate E can cause the whole test jig to lift up if approached
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at the wrong angle, as the force metric is calculated on the absolute force value. In this
case the insertion of Cartridge D applied the lowest forces, which reﬂects the fact that
the alignment of this piece was at an optimal angle for insertion by the robot in this
setup. The wide variance of forces in the X and Y axes for insertion of Rod G are due
to the diﬃculty of insertion of this part and the high lateral forces applied to the test
jig when trying to insert it into the hole from a suboptimal angle.
Discussion of physical testing
The results from the physical testing of the Kraft system with the Portable Dexterity
Test indicate that the test is a good measure of the general ability of the operator skill
to perform the test. This was evidenced in the times of Operators 1 and 2, who were
known to have high skill with operation of the system.
Results indicate that the system is not easily usable by operators who are not familiar
with the system, as evidenced by the fact that Operator 3 was unable to complete more
than one section of the test and took almost as much time to complete one part as the
experienced operators took to complete the entire test. Although the manual trial of this
operator suggested that their level of dexterity was slightly lower than the other operators
initially, there is insuﬃcient data to say whether or not this caused their lower dexterity
with the teleoperation system. Further testing with a wider range of participants would
be required to make such an assertion.
Between the times for those operators who did complete the teleoperated part of the
test successfully, there was a slight trend towards Plate C being the most diﬃcult part
to complete, with this part taking the highest time for both participants. Pin H was
completed in the quickest time by both participants and as such can be taken as the
most simple part of the test.
Learning eﬀects were demonstrated, with the overall time for one single operator com-
pleting the test multiple times reducing by more than half over three separate trials.
The most pronounced of these was Plate C, with a 2.91 minute reduction in the time for
completion of this part. Manipulation of Rod G displayed the least learning eﬀects with
a reduction of only 22 seconds.
Force analysis of the trials indicated that the insertion of Plates A, B and C applied
the highest forces in both manual and teleoperated trials. These also had a generally
higher average force variance, indicating that it is not easy to control force when inserting
these pieces. The biggest diﬀerence between manual and robotic trials were seen in the
insertion of Plate E and Rod G, reﬂecting the diﬃcultly of inserting these pieces due to
awkward angle with respect to the robot.
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Figure 6.15: Application of the force metrics for forces applied in the z-axis and
combined axes across four trials with the Grips Master-Slave Telemanipulator.
6.1.6 Discussion of Grips
In this section has been presented the results of the proposed test suite for the Kraft
TeleroboticsTM Grips Master-Slave teleoperation system. In accordance with the stages
of the test presented in the previous chapter the telemanipulator was ﬁrst subjected to
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analytic testing, achievable without access to the physical robot, and then to physical
dexterity testing using the Portable Test Jig.
The manipulator has been classiﬁed into the Medium Manipulator category, indicating
that it is less suited to light manipulation of small parts and with a payload capacity
which is below what would be considered "Heavy".
It has been shown through mapping of kinematic reachability that the slave manipulator
provides a relatively restricted workspace with many areas within this workspace which
have very low or missing reachability. The area of highest reachability has been calculated
as directly below the manipulator, which also corresponds to the point of highest payload
capacity.
Dexterity testing has indicated that the system requires a high skill in order to carry
out dexterous tasks of assembly, and that the system imposes a high time penalty when
compared with manual completion of the task. This is also reﬂected in higher values
of the force metrics when the test is completed telerobotically than when it is done
manually.
A note on application It should be noted that the Grips system has been primarily
designed for imprecise, subsea operation. This means that the design goals of the
manufacturer have not been to produce a robot with high dexterity which is capable
of manipulating small parts, which has been reﬂected in the results of this test. Instead
the purpose of the manipulator is to move heavy items underwater, for which high
reachability may not be of much importance. This working environment is also important
to note as the payload capacity in salt water would allow the robot to move larger objects
than within air given the added buoyancy of the salt water (for example, the robot is
rated as 41% lighter in sea water than in air [263]). It is therefore possible that within
its intended working environment the robot would be more in likely to correspond to the
Heavy Manipulator category and that testing it for this category would ﬁnd it fairing
better.
6.2 Case Study 2 - Mantis Telemanipulator
The second case study was carried out with the Mantis telerobot whilst at CERN. It is a
good case study to complement the Grips used in the previous section for the following
reasons:
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1. It is, according to CERN engineers, highly dexterous which makes a good compar-
ison between the Kraft which is not.
2. The control is an electrical actuation and so diﬀerent from the hydraulic system
presented above.
3. The robot is primarily designed to be bimanually operated.
6.2.1 Description of Telerobot Hardware
The Mantis telerobot, shown in Figure 6.16, was used in CERN within the facilities [140,
141]. It consists of two force reﬂecting master-slave manipulators, with the master and
slave being identical. They use analogue electronics with a high gain, low frequency PD
controllers (a force reﬂection bandwidth of 50Hz) with a smallest force reﬂection of 25
grams. It is attached to a mobile hydraulic crane, an ATLAS 3006/L2, which is attached
by umbilical cord to the control station, allowing a distance of up to 0.5 km with an
umbilical weight of 0.25 tonnes.
(a) (b)
Figure 6.16: Mantis in use at CERN in 1974 [307, 308].
The telemanipulator part of Mantis was a Mascot force reﬂecting telerobot [309], which
is the same basic kinematic design as is used today for the Dexter system, shown in
Figure 6.17, designed by Oxford Technologies Ltd who were also in the PURESAFE
consortium.
6.2.2 Mantis - General Characteristics
As this is a custom built robot, the general characteristics were not so readily available
as they were for the Grips. This means that there is less information on this robot than
there would be for a modern robot bought today. A few pieces of information were
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Figure 6.17: Dexter, the master device for the newest generation of Mascot.
gleaned from the two papers describing the robot [140, 141] as well as information from
the CAD model of Dexter, supplied by the manufacturers.
Maximum payload capacity According to the limited literature, the crane can lift
up to 500kg [140] in addition to the telemanipulator weight. However, information
regarding the payload capacity of the telerobot itself was more diﬃcult to ascertain,
both due to lack of available information and due to the age of the machinery, meaning
that it had degraded performance.
The newer Mascot manipulator used in the Joint European Torus (JET) fusion reactor
can hold up to 20kg with each arm [310], with a sensitivity of 100 grams. However, given
the performance of the Mantis robot it is likely that its payload capacity has always
been lower than this. The Mantis Mascot had, at least in 1974 is reported to have a
force reﬂection sensitivity of 25 grams [141] and given, as learned in Chapter 4, payload
capacity and dexterity are usually negatively correlated in practice, this could also mean
that the higher sensitivity of the Mantis reﬂects in a lower payload capacity.
During testing it was noted that the robot started to "complain" when Plates A and B
of the test were picked up with one arm only, which was demonstrated as a high pitched
grinding noise in the electronics and gears. As discussed in the previous chapter these
plates are 2.76 and 2.88 kg respectively, which suggests that even if the payload capacity
has been higher in the past, the age of the machine has degraded that performance to
somewhere between 1.02 kg and 2.7 kg per arm (the weights of Plate C, liftable, and
Plate A, unliftable, respectively).
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Degrees of Freedom (DoF) Each arm of the robot is 6 DoF and the identical
kinematics for master and slave mean that all of the master device workspace is almost
completely translated to the slave.
Approximate Workspace The approximate workspace for the Mascot, provided by
Raimondi and Galbiati [311], is shown in Figure 6.18.
Figure 6.18: The approximate workspace of the Mascot, similar to that used in Mantis.
Weight and power source The weight of the robot is unknown, although given the
speciﬁcations of the ATLAS 3006 product range [312] and the assertion that it can hold
500kg above the weight of the telemanipulator [140] and max reach of 8m, it could be
anywhere around 100 to 300 kg.
The power source is electric, with motor ratings ranging from 0.25 Watts to 1 kW. Exact
power ratings are not given, but all power is supplied via the umbilical cord.
End effector gripper size The robot does not have the tapered proﬁle of many
telerobots but instead has a more rectangular proﬁle. Therefore only two values have
been assigned, the length, breadth and maximum opening.
It is very clear from the end eﬀector sizing and payload capacity that the Mascot is within
the light category of telemanipulator. This means that the dexterity test, which was built
to medium speciﬁcations to accommodate the Grips, was probably too large and would
have been more suitable to scale down the test to the next category as described in
Section 5.5.1. However, this was not possible due to time restrictions. It is possible that
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Dimension
b1 l1 d
10 50 80
Manipulator Class
Light
Medium
Heavy
Table 6.2: Gripper tong sizing for the Mascot end effector dimensions, sizes from [309].
All sizes are in mm
the newer versions of Mascot, which are rated to a higher payload capacity, are more
within the medium category, but testing would be required to conﬁrm this.
6.2.3 Mantis - Kinematic Reachability
Kinematic reachability was calculated for one arm of the Mascot robot based on the
link dimensions as described for the Mascot Version 4 [311]. Although the Mascot
version number used for Mantis is not speciﬁed [140] it is almost certainly an older
version as it uses analogue electronics, whilst the Mascot 4 was the ﬁrst of the range
to use microprocessor control. However, the kinematics do not appear to have changed
signiﬁcantly and therefore it is a good enough approximation.
Figure 6.19 shows the kinematic reachability for the left arm of the Mascot. A dual
rendering is shown as the Mascot Version 4 [311] has 2 motors which control the same
axis (the ﬁrst joint), one indexed and the other not. From observation only the latter
was used in the version of Mascot on the Mantis, however both have been shown here
for completeness. The extended workspace is that which is shown in the approximate
workspace presented above.
As can be seen the robot representation is very basic, with only cylinders to represent
the links. This is a good example of the bare minimum information required to produce
a usable kinematic reachability map. A more complicated model of the robot would
look more like the rendering of the Dexter robot above, Figure 6.17, but such a detailed
model is not required to produce the results.
Given that only the basic, not the extended, workspace of the Mascot was available
for the Mantis, this conﬁguration is used here. The reachability proﬁles are shown in
Figure 6.20.
The three largest zones of connected volume are shown in Figure 6.21.
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(a) Mascot 4 with extended workspace (b) Mascot with basic workspace
Figure 6.19: Reachability Mappings of the Mascot 4 for left arm.
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Figure 6.20: The reachability profiles for the Mascot
(a) 4.90% (2.85 m3) (b) 32.21% (0.92 m3) (c) 58.07% (0.08 m3)
Figure 6.21: Areas of highest connected reachable volume within the Mascot workspace,
with the convex hull around the entire workspace visualised for three percentages of
reachability (with volume of reachable area).
As can be seen one of the major advantages which the Mascot has over the workspace of
the Grips, presented in the previous section, is that it has a large connected volume of
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similarly reachable workspace. Although it does not have a huge workspace, compared to
some of the manipulators compared in the previous chapter, it is worth noting that this
is only half of the system, with another arm with a mirror of this workspace combining
to make a larger workspace than one arm alone.
6.2.4 Mantis - Physical Dexterity Testing
Due to a variety of factors the physical tests for this robot cannot be directly compared
with those of the Grips as there were just too many variables between the tests to provide
an accurate comparison. This was due to several restrictions placed on the use of the
robot by engineers at CERN which meant that the environment and test setup could
not be as controlled as would be necessary for such a comparison.
The ﬁrst of these restrictions was that the physical testing for the mantis robot was
carried out by an expert with the robotic system who has been using it for 20 years,
shown in Figure 6.22. This restriction was mostly required due to time constraints, as
it was not possible for less experienced operators to take the necessary time to become
familiar enough with the robot to complete the test. It was also a necessary provision due
to the age and resultant delicacy of the machinery to avoid a less experienced operator
breaking the robot unwittingly.
Figure 6.22: Experienced operator with the Mantis telerobot.
The second restriction was imposed by the low load capacity of the robot in its current
state. It required that the test had to be carried out bimanually only, as was impossible
to lift the heavier parts of the test with only one arm. This was compensated for in the
manual trial by also having the operator carry out the test with both hands, so as to
more accurately reﬂect the teleoperated conditions in the manual one.
The third restriction was one of camera setup. Unlike with the Kraft case, where direct
viewing of the task was possible both for the manual trials and teleoperated, in this case
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the parts of the system were too heavy and unwieldy to reconﬁgure in the available time.
This was true of the cabinet which held the video setup, Figure 6.22, the crane on which
the robot was situated and the control cabinet with the master arms. s
The results of these three restrictions means that the improvement in test times of the
Mantis over the performance of the Grips cannot be directly compared, as it cannot be
said for certain which of the test variables was more or less responsible for this change.
The bimanual operation and expert operator certainly provide an advantage for the
Mantis and the direct viewing setup likely gives an advantage to the Grips, but how
much of an advantage is not quantiﬁable at this stage.
Completion times
The times for the manual and teleoperated trials are shown in Figure 6.23. Although
there were few trials, some general comparisons between the Grips and Mantis can be
made even though they cannot be said to be signiﬁcant for the above mentioned reasons.
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Figure 6.23: Times for expert testing of the of Portable Test Jig with the Mantis
Telerobot
Firstly, it is notable the manual times for this test are faster than those in the Grips
trials, with an overall time of 42.17 seconds compared to a minimum of 1.24 minutes in
the previous. This likely can be largely attributable to the bimanual advantage.
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For the robotic trials it is interesting to note that Part C, which caused the most problems
with the Grips, was obtained in the least time with the Mantis, likely due to this plate
being well within the workspace of the vertically hanging robot, shown in Figure 6.24.
Plate E and Rod G on the other hand displayed a similar trend to the Grips robot, with
generally higher times. This suggests that those parts of the test are tricky even with a
better reachability.
Figure 6.24: The Mantis robot hanging vertically.
The overall times are also lower than those of all the Grips trials, with the maximum
time for the Mantis, 7.36 min, less than the minimum time for the Grips, 7.69 minutes.
However, these extreme times are not widely diﬀerent from each other, suggesting that
perhaps more training with the Grips could produce comparable performance, as the
Mantis operator had many years more experience with it than the Grips operator did.
6.2.5 Expert feedback on test design
One of the most valuable inputs gained from the Mantis trials was that a telerobotics
expert with over 20 years in remote handling and using the robot was able to give
feedback on the dexterity test and its design. This input provided invaluable insight
into how the test could be improved in future iterations and gave thoughts about
telemanipulation in general. These comments have been summarised into three areas:
Design for telemanipulation
One of the main feedbacks that the design could be improved to aid telemanipulation.
The moving of alignment pins from the base into Plates A and B from the base onto
the Plates themselves, with the holes in the base instead, was suggested as one way
to achieve this which would allow visual alignment of the pegs with the holes before
insertion. The insertion is diﬃcult with the test as it is currently due to the holes being
unseen beneath the plate and only viewable by inverting it. Additionally, the tolerances
of the pins was mentioned as quite loose for a real situation and that a graded tapering
should be used to aid the insertion.
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Design for RH practices Design for RH is a manufacturing paradigm whereby the
parts to be manipulated are speciﬁcally designed to be easy to assemble and disassemble
through remote handling machinery. This is essential in highly radioactive environments
such as in JET and ITER [313], where the entire facility will be built using the same RH
machinery that will later be used for its maintenance. It has much in common with other
approaches such as design for assembly [314] where parts are designed to be eﬃciently
assembled within manufacturing workﬂows in that the parts are designed to be easily
ﬁtted together with the minimum number of ﬁxings possible.
However, within particle accelerator facilities where radiation is comparatively much
lower, improving telemanipulation is not a prime concern of the design engineers. As
a result the accelerator machinery is almost exclusively designed to be assembled by
humans.
This raises a question of how much a dexterity test for telemanipulation should employ
"design for RH" practices, to make the task easier, and how much it should be made
"diﬃcult" in order to test the limits of the system. Further works and future iterations
of the tests would beneﬁt from addressing these questions.
Design for camera setup
As discussed above one of the limitations of the testing setup for the Mantis was
that the placement of the robotic equipment did not allow a direct viewing condition.
This was reﬂected in the feedback from the operator, who mentioned that placement of
Plate E was diﬃcult using the 2-Dimensional cameras available which made horizontal
alignment with the slot diﬃcult. Similarly, the insertion of Rod G was hard as axis of the
hole was parallel to most of the cameras and therefore alignment was not very precise.
It is also possible that the necessity to move the cameras using the joysticks shown in
Figure 6.22 made the moving of cameras more of a hassle.
One-handed task
One ﬁnal note from the operator was that the dexterity test is essentially a one handed
task, although the use of bimanual operation was a necessity due to payload restrictions.
On one hand this is good because it is hoped that the task could be used to test single and
dual handed telemanipulation setups, and therefore it is promising that they noted this as
it shows suitability for single handed tests. On the other hand this note also suggests that
for a test to fully represent the complexities of bimanual operation it may be necessary
to introduce some "bimanual only" tasks. This could be done as an extension of the
unimanual task, such as is achieved with the washer and collars addition to the Purdue
Pegboard test, as discussed in the human dexterity testing section in Chapter 2.
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6.2.6 Discussion of Mantis
In this section the results of the application of the proposed test suite on the CERN
Mantis telerobot have been presented. This showed that the robot is classiﬁable into the
Light manipulator category, with a low payload and small end eﬀector. The manufacturer
information regarding the robot was sparse as it was a custom designed robot for
CERN. However, information for later versions of the Mascot, which has not changed
kinematically between the versions, were drawn from the literature.
The kinematic reachability mapping was carried out, showing that the workspace is
quite narrow, but provides a very consistent level of reachability across the whole of its
workspace. With the addition of the indexed ﬁrst joint, which was either not in existence
or not used in the Mantis, this workspace would be increased considerably. Also, the
bimanual nature of the telerobot means that this the workspace is larger.
The physical dexterity testing was carried out by an expert operator of the telerobot,
with only time metrics being recorded due to a lack of available force sensor. The robotic
trial was carried out through a camera setup as direct viewing was not possible. The
times for both manual and teleoperated trials were generally lower than the Grips, with
the most challenging parts being the insertion of Plates A and B, and the insertion of
Rod G, which was likely due to the odd angle of insertion.
The expert operator also gave some valuable feedback on the test and on teleoperation
in general, which has been provided above. These regarded design for teleoperation,
design for camera setup and the fact that the dexterity setup is essentially a one-handed
task. These points highlighted the necessity for such a dexterity test, given the fact
that machine parts are not often designed for telemanipulation within these accelerator
facilities.
6.3 Discussion
The two telemanipulation systems assessed have quite diﬀerent properties and this has
been reﬂected in the results of the test at all stages.
From the basic level it has been demonstrated how the General Characteristics rated the
Grips telemanipulator into the "Medium" manipulator category, with a payload capacity
at the top of this category range and end eﬀector sizing within this range on average. This
category was thus used as the basis for the sizing of the Portable Test Jig. The Mantis,
on the other hand, was rated to be ﬁrmly within the "Light" manipulator category, both
for its low payload capacity and small end eﬀector. This means that the size of the Test
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Jig was larger than the category and thus gave the Mantis an advantage over the Grips
in terms of the size but a disadvantage with payload capacity. The manufacturer, or
literature, supplied approximate workspaces showed a similar shape in the side view for
both manipulators, with a much narrower shape for the Mantis in the front view.
Kinematic reachability for both robots was undertaken, showing that the Mantis has a
far higher reachability, with a maximum reachability of 68% compared to the 18% for the
Grips. This was also reﬂected in the connected volume of reachability, with the Mantis
achieving 2.85 m3 at 4.9% reachability, while the Grips achieved only 0.5 m3 at a similar
reachability (4.12%). Despite the similarity in the approximate workspace provided by
the manufacturer, the Grips was found to have many disconnected areas of reachability
within its workspace hull, with gaps of no reachability. Conversely the Mantis had a
reachable workspace which was fairly uniform.
The physical dexterity testing was carried out for each robot. As discussed these values
are not directly comparable given the high number of variables which were not kept
constant over the trials, such as camera setup, operator and bimanual completion with
the Mantis. However, general similarities can be seen in the times gathered for each
part. For both robots the insertion of Plates A and B caused the most diﬃcultly, with
generally higher times for the robotic trials and higher force and force variance with the
Grips and manual trials. Plate C caused the most diﬃculty with the Grips but not with
the Mantis. This is explainable by the fact that the insertion of this part is within the
optimal workspace for the Mantis but at the very edge of the Grips workspace, which has
very low reachability. The insertion of Rod G took a longer time on average compared
to the other parts, suggesting that this is also diﬃcult across the two systems. Thus it
can be concluded that Parts A, B and G are the most challenging stages of the test, with
the insertion of Cartridge D being the easiest to perform.
These experiments have shown how the test can be applied to multiple systems and
comparisons between the two systems can be made. Also, demonstration has been made
of how to acquire the necessary information for this comparison where it is not otherwise
available in the data provided by the manufacturer. Alongside an analysis of the robots,
conclusions about the test itself have been made which could provide valuable inputs
into future iterations. Of course, if the tests were employed for comparison of the robots
with regards to their suitability to a particular procedure in a real-world setting, an
analysis of the related factors for that procedure would be employed, as was described
in Chapter 3.

Chapter 7
Conclusion
7.1 Conclusions
This thesis has presented a task-oriented approach to telemanipulation for maintenance
in large scientiﬁc facilities, speciﬁcally the particle accelerator facilities at CERN in
Geneva and GSI in Darmstadt. It has examined the use of telemanipulation in such facil-
ities and has made three distinct research contributions in this area. Its ﬁrst contribution
was a formalisation of the additional aspects of telemanipulation procedures which are
not often covered within the telemanipulation research ﬁeld. Secondly, it presented the
results of a survey into the most common telemanipulation tasks which telemanipulation
is used for in these environments. Finally, based on these results a set of tests has been
developed which can be used to compare the dexterity of telemanipulators to assess their
suitability to these tasks. The resulting test has been applied to two telemanipulation
systems to provide experimental results.
These contributions are highly interdependent. The formalisation of procedures, the
ﬁrst contribution, was required to fully describe telerobotic maintenance interventions
in order that they could be integrated into other planning for the facilities, and that the
correct telemanipulation system can be chosen for the procedure. At the basis of this
formalisation is the necessity for a knowledge of the tasks performed by such systems,
leading to the second contribution of a survey of common tasks. The comparison of
telemanipulation systems is key in such planning, as only with benchmarking tests
is it possible to properly compare them to aid in planning procedures within these
environments, leading to the ﬁnal contribution of the test suite.
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A generalisation of how telerobotics procedures are carried out in large scientiﬁc facilities
was presented in Chapter 3 which described how telerobotics procedures ﬁt into larger
maintenance schedule plans and broke down these procedures into ﬁner detail down to
their proposed atomic units, named Elemental Actions. The requirements for telema-
nipulation procedures were presented along with proposed methodologies for breaking
down these procedures using a hierarchical task analysis approach and representing the
data within an entity relationship structure to highlight interconnected aspects of the
procedure. A brief example of the use of this methodology was applied to an example
problem from CERN.
In order to gain insight into realistic tasks performed by telemanipulation systems
within both industrial and research environments, a survey of teleoperation experts and
literature review was presented in Chapter 4. This revealed that although the research
literature tends to focus on peg-in-hole and block-stacking tasks, in real situations a
far wider variety of actions and objects are involved in tasks, the actions of which are
not covered by these simple tasks. Task actions such as a Screwing & Unscrewing and
Connecting & Disconnecting, which involve rotational actions not covered by either of the
common tasks, were prevalent in the results as too were objects relating to mechanical
parts, tools, connectors and ﬁxings. From this, it was concluded that there is a need
within the robotics community for physical benchmarking tests which are geared towards
evaluating the dexterity of telemanipulators for comparison of their dexterity abilities.
Such a test was presented in Chapter 5, which outlined three progressively more detailed
stages of telemanipulation benchmarking designed to be straightforward for maintenance
engineers to implement in order to evaluate and compare potential telemanipulators for
their teleoperation needs. These three stages involved a general presentation of robot
capabilities and algorithmic calculation of the most reachable zones of its workspace,
by extending on existing Kinematic Reachability analysis techniques with a proposed
concept of Reachability Proﬁles. Both of these stages are presented in such a way that
engineers could apply them prior to acquisition of the robots in order to compare their
possibilities. The ﬁnal stage is physical dexterity testing, with a proposed design for
a dexterity test based on a historical test used in benchmarking power manipulators.
Application of performance metrics to this test were described along with the test
procedure. Furthermore, the design for two other proposed physical dexterity tests were
described to cover those prevalent aspects of telemanipulation tasks (as determined from
the survey responses) which were not integrated into the portable test jig.
Chapter 6 presented experimental results for the physical testing of the proposed tests
on a hydraulically actuated master-slave system, the Kraft Grips telemanipulator, and
the Mantis telemanipulator from CERN. These comparisons showed that the Grips has
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a lower dexterity than the Mantis both from an analytical point of view (by comparing
the connected regions of high reachability within their workspaces) and from physical
trials with the portable test jig. Input was gained from the expert operator of Mantis
into considerations for integration into future iterations of the dexterity test.
These works pave the way for future telemanipulation research by moving beyond the
classical approach of merely describing the control systems. They place the ground-
work to describe the many interrelated parts of telemanipulation procedures and how
these relate to the robots which perform them. It also lays the foundation for better
benchmarking tests for telemanipulation which are focussed on dexterity and based on
tasks which are really indicative of those which are performed in real-world, industrial
environments and not just those which are simple to implement within an experimental
setting.
7.2 Future Work
There are several interesting questions which have been raised as a result of these works
which could be taken further in future research. A few of these are introduced here.
Are there common patterns of manipulation across multiple settings and procedures?
This would be achieved by gathering and analysing information of multiple telemanip-
ulation procedures over a variety of industrial settings. The results could be used to
create guidelines for best practice.
How can the entity relationship approach be used to aid human operators in optimally
planning telemanipulation procedures? This would involve integration of the procedure
description approach into planning algorithms and testing on real problems.
How can Elemental Actions be used to improve the functioning of the system? This
would involve employing Elemental Actions as a base unit for real-time task following.
It could then be employed in related areas such as fault-detection isolation.
Is the slave workspace well represented by the master device? This would extend the
functionality of merging Kinematic Reachability Maps to calculate how much of the slave
device workspace is utilised eﬀectively by the master device and vice versa.
Can kinematic reachability be used to detect workspace intersections in real-time? This
would involve application of Kinematic Reachability intersections into real time software
to calculate areas of common workspace between multiple robots on-the-ﬂy.
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Also, further iterations should be made of the proposed physical tests after quantitative
testing of many telemanipulation systems across the three manipulator sizing categories.
In this way they could be used as a standardised benchmarking tool for the dexterity of
telemanipulators within industry and research.
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Appendix B
Entity Relationship Representation
of Procedures
This appendix presents a detailed breakdown of how the dependent factors of telerobotics
procedures can be entered into a database entity relationship structure, as was introduced
in Chapter 3. It also discusses further the reasons for using database systems for this
purpose within large scientiﬁc facilities. The information in this appendix should be
useful to those researchers who wish to implement these concepts within a real system.
B.0.1 Relational Databases
In the modern world, structure is frequently imposed on arbitrary information through
the use of web technologies, speciﬁcally the databases used to store the information
behind those technologies. When designed correctly, such databases can allow very rapid
searching and organisation of this data. However, the important factor here is that in
order to enter data within a database it is required to represent it in a structured way. By
imposing such a structure, this can move understanding of the data content far further
than the raw data itself would allow. In this work the concepts behind good database
relationship design are applied to the core aspects of telemanipulation procedures in
order to describe them in a structured way.
Inherent Advantages
However, in the case that these concepts are applied within real database systems
there are some inherent advantages for using RDBMSs over other alternatives, such
as maintaining information in static ﬁles. One of these advantages is that they are
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inherently scalable making them very suitable for implementation over large scientiﬁc
facilities. Also, they guarantee reliability of the system, data and transactions.
RDBMSs are used in a huge number of corporate settings to ensure proper management
of huge amounts of data ranging from systems consisting of only one single machine
up to systems containing thousands of machines at multiple diﬀerent physical locations
worldwide. The commonality amongst all applications is that data needs to be concur-
rently accessible but with assurance that only the most recent data is used, ensuring
categorically that situations cannot arise such as money coming out of a bank account
where none is available.
DBMSs guarantee the reliability of their transactions if they fulﬁl the properties set
forward as the "ACID test" [320, 321] where ACID stands for Atomicity (transaction
results are either entirely visible to other transactions or entirely invisible), Consistent
(results are consistent system-wide), Isolated (transactions are not aﬀected by concurrent
transactions) and Durable (when completed, the results of a transaction will remain even
if subsequent transactions fail).
Choice of PostgreSQL
The PostgreSQL RDBMS [185] has been chosen for the database management presented
here for the following reasons:
• It is an open-source solution.
• It is one of the most popular open-source RDBMSs [322], with a large user-base
and support.
• It has many additional extensions for added functionality, such as PostGIS, de-
scribed below.
• It is an Object-Relational Database Management System (ORDBMS), following
an object-oriented model, just as the software choices made in the previous section.
One of the key features in the choice of PostgreSQL is its comprehensive collection of
third-party extensions which add to the core RDBMS functionality for speciﬁc types of
data and application. The PostGIS extension adds GIS support through specially de-
signed geographic objects. These include a set of geometry types (POINT, LINESTRING,
POLYGON, etc), spatial operators (functions to calculate area, distance, length, etc),
spatial indexes to speed up spatial searches and even further extension, through the
Pointcloud extension, for vast sets of point cloud data.
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GIS is primarily used for the analysis of multi-dimensional cartographic data, for example
to merge map and water-ﬂow measurements to monitor Antarctic ﬂows[323]. However,
the tools which are provided by GIS implementations are equally applicable to other
types of spatial data, such as the 3-Dimensional points which make up a manipulators
workspace, or the 4-Dimensional points which make up a reachability map, such as those
described in Section 5.4, where the fourth coordinate holds the percentage of reachability.
Other, purely relational, data is also used which does not require spatial support. These
data types can work seamlessly together as their compatibility is ensured by the RDBMS
functionality of PostgreSQL, as well as all the other beneﬁts described above.
B.0.2 Task Description in Database Tables
The entire representation for telemanipulation procedures is shown in Figure B.1. Fur-
ther detail for each entity unit is provided below.
Figure B.1: The entity relationship diagram for the interconnected aspects of telerobotic
maintenance procedures. Explained separately in more detail below.
B.0.3 Database Structure
At the lowest relational level, databases are built upon the concept of tables. A table,
such as that shown in Figure B.2 is a related set of data elements which are arranged
into columns and rows.
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(a) Entity Diagram
robot_id robot_name created_on
2 ur5_limited 2014-05-10 16:34:31.979431
7 ur10 2014-05-10 20:53:36.129381
15 abb2400 2014-05-26 17:58:07.512807
(b) Example Contents
Figure B.2: (a) The Entity Diagram for a simplified version of the robot table along
with (b) an example of its contents. Each row, or record, contains a single data item
within the table, in this case an individual robot. Each column, or field, contains one
data type, with an item of that type assigned to each record.
Tables are applied within constraints, which ensure that vital information is not omitted
from the database. For example, Figure B.3 shows the robots table from Figure B.2(a)
with the relevant constraints added. The information not null ensures that a new record
cannot be added without this information. In this simpliﬁed case the only information
required to be entered by the user is the robot_name ﬁeld, as the data type serial alerts
the database to assign a unique integer identiﬁer to the record on creation. Similarly the
timestamp ﬁeld is entered with the date that the robot was ﬁrst added to the database.
The varchar data type is simply a string of variable length. Items beginning with a hash
tag (i.e. #robot_id and#robot_name) refer to the fact that these are the "primary
keys" of each record and therefore must be unique. This means that, for example, two
robots could be created at exactly the same time (with the same timestamp) but cannot
have the same name. The robot_id primary key is also used to link information about
this robot over other tables.
Figure B.3: The robot table with added constraints. The hash character (#) indicates
a primary key and not null keyword indicates a required field.
One major strength of databases is the ability to link relations across multiple tables.
Figure B.4 shows simpliﬁed versions of the robot and reachability tables, used within
the database structure to hold reachability information about all robots within the
system. Joins between tables are often performed using unique identiﬁers which are
assigned by the DBMS. The data type serial int is assigned to each record in a table
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when it is ﬁrst entered into the system, with no record being assigned the same identiﬁer.
The robot_id identiﬁer shown in Figure B.4 is assigned by the robots table. When
points and orientations are subsequently entered into the other tables they are linked to
individual robots by assigning them this same identiﬁer.
Figure B.4: Tables are joined here by the ID numbers. robot_id joins individual points
and orientations to a record in the robot table and point_id is used to join orientations
to records in the reachability_points table.
The use of joins such as these are referred to as a "foreign key", with the "primary key"
from the reachability_points table being its point_id ﬁeld. This is referred to by the
"foreign key" of the same name in the reachability_orientations ﬁeld. The practical
use of this is that each orientation is associated with a point in the robot’s workspace,
incorporating the possibility that that one point can be reached by many orientations.
Arrays of foreign keys In the descriptions provided below the convention used here is
that multiple entities which are linked to one record (for example multiple robots which
are assigned to the same procedure) are shown to be stored within an array of foreign
keys. This has been done for clarity and is not the best usage within Structured Query
Language (SQL). In fact the method for performing such a link is to create a "junction
table", which stores multiple entries of foreign keys linking the two tables together. This
distinction is shown in Figure B.5. However, to include this would produce unwieldy
ﬁgures and descriptions and thus has not been used. For optimal implementation within
a database, were this required, the correct usage should be used.
(a) Convention used here (b) Correct implementation within SQL
Figure B.5: The convention for representing "many-to-one" entity relationships (a)
within this work and (b) the accepted optimal usage for good RDBMS design.
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B.0.4 Description of task properties
Locations
The detailed entity diagram for how locations are related to procedures is shown in
Figure B.6. Locations are represented as containing power sources and an array of
procedures, indicating the fact that multiple procedures may be carried out within the
same location. The power source which is linked with the location refers to an external
source, such as the power rail which is present in the LHC and is used to charge the
TIM robot when the robot is stationary [196]. Such a source can potentially be used to
power the telemanipulator, providing that the power source matches the type of power
(represented as a string rating_type).
Figure B.6: Tables which hold the information involved in locations of telerobotic
procedures, showing the links between the various factors.
Power Sources
Power sources contain a type, which is noted by a code, and two arrays which must be
the same length. The ﬁrst of these, rating, contains ﬂoat values indicating the rating of
power source, whilst rating_type indicates the units. Examples of some types of power
source, although not exhaustive, are provided in Table B.1.
Power Source Type power_type code rating_type codes Example rating values
AC Electric ELEC_AC [V,A,kWh,Hz] [240,32,400,50]
DC Electric ELEC_DC [V,A,Ah] [5,1.5,1]
Hydraulic HYDR [PSI,LPM] [1500,30]
Pneumatic PNEU [PSI,NLPM] [150,232]
Table B.1: Example power rating types which can be entered into the power_sources
table
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When referenced to locations such power sources are usually ﬁxed, for example plug
sockets or power rails. They correspond to power rating requirements of the robots
which are described below.
Tasks
As introduced earlier in the chapter, see Section 3.2, tasks are the main building block
of procedures. Figure B.7 shows how these are related both to procedures and to the
lower elements, such as subtasks and further down to elemental actions, which were
proposed in Section 3.3.
Figure B.7: Tables which hold the information involved in tasks for telerobotic
procedures, showing the links between the lower level elemental actions.
The information entered at this stage would be entered according to the Hierarchical
Task Analysis (HTA) described above, with tasks being such things as "disconnect
cooling", itself made of subtasks "turn oﬀ water lever" and "disconnect pipe nut".
Each consecutively lower level is referenced by its id (e.g. subtask_id), which is
held within an array of foreign keys (e.g. subtasks), and is assigned sequential order
according to the temporal_constraints arrays. These temporal codings could follow
any deﬁned practice, including simply tasks a sequential numbering order. However,
the structure shown in Figure B.7 is proposed in accordance with the "Allens interval
algebra" approach to temporal logic [197], which is at the basis of the intervention
planner developed at CERN and described in the following section. It assigns temporal
constraints to the tasks deﬁned notational logic. Some of these relationships are shown
in Table 3.7.
As can be seen in Figure B.7, multiple robots can be assigned to the same task or
procedure, indicating the fact that the task can be subdivided and diﬀerent parts can
be assigned to diﬀerent robots. However, when complexity of the task has been reduced
to the "subtask" level it is generally the case that the task is in suﬃcient enough detail
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to be completed by only one robot, e.g. "disconnect pipe nut". At this level, however,
there is included a provision for multiple robots to carry out the same task. This can
arise, for example, when the weight of a part is too heavy to be carried by one robot
and another robot is required to assist. In scientiﬁc facilities this is often achieved by a
a robotic support crane which is less dexterous than the bilateral manipulator but has a
higher payload.
Parts and Tools
Figure B.8 shows the relationship between parts, tools and their dependent data
types. As can be seen from the diagram they are treated quite similarly within the
entity structure. They are both assigned to procedures and, speciﬁcally, subtasks. They
can both also be monitored within the workspace through the positions table, which
contains geometric information about zones within the task workspace, which can contain
more than one part or tool.
Figure B.8: Tables which hold the information linking parts and tools to procedures.
The grip_feature properties, if available and known for a part or tool, can be entered
into the relevant table. This is more likely to be known for a tool which, as discussed
previously in Section 3.4.1, may be required to be custom designed to operate with the
robot. Whilst parts within some scientiﬁc facilities are not designed for a telemanipu-
lator, and thus will not have a known grip feature, it is increasingly common in other
facilities, such as within the ITER remote handling, that remote handling is incorporated
into all levels of design within the facility. Therefore it is quite possible that grip features
are deﬁned for parts as well as for tools.
Appendix B Entity Relationship Representation of Procedures 185
Robots
Figure B.9 shows the relationships between robots and procedures, and introduces
concepts of robot comparison which are a theme of this work in general, and are the
basis for the work which follows in Chapter 5.
Figure B.9: Tables which hold the information for the capabilities of available robots.
From these relationships it can be seen that the telerobots are explicitly linked with very
few of the other tables regarding the task. This is deliberate, as one of the proposed uses
of this entity relationship approach is that it could be used to allow engineers to assess
which robot is most suited for their procedures. As a result, the links between robots
and procedure properties should not be applied at the time of entering information into
the model, although such information can be later updated (such as adding or removing
robots from the procedures table when decisions have been made). Instead such links
should be made at the time of query.
Example linking power sources to robot requirements
For example, if a location with a particular location was being assessed, for example
the "Work Area 1" and it was required to ﬁnd robots which matched the available power
sources in this area, the command shown in Code B.1. This command returns all robots
which are compatible with the available power sources at the speciﬁed location.
The command, although it contains several clauses, is fairly simple. The "INNER JOIN"
clauses merely deﬁne the links which are present in the diagrams above, apart from the
link to power_sources which performs a check that the power types are matching. The
core functionality comes from the "WHERE" clause which returns only power sources
from the correct location and performs a comparative check that the power rating is
suﬃcient for the robot.
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SELECT
robot_name ,
power_source_id ,
ps.power_type ,
location_name
FROM
robots AS r
INNER JOIN robot_capabilities AS rc ON r.robot_id = rc.robot_id
INNER JOIN power_sources AS ps ON rc.power_type = ps.power_type
INNER JOIN location_power AS lp ON lp.power_id = ps.power_source_id
INNER JOIN locations AS l ON l.location_id = lp.location_id
WHERE
location_name = 'Work Area 1';
AND
ps.rating >= rc.power_rating;
Code B.1: Query to return robots with compatible power types for a specific location.
When this comparative condition ("ps.rating >= rc.power_rating") is omitted the com-
mand returns all matching power sources and robots pairs within that area, an example
of this is shown in Table B.2 using assumed values.
robot_name power_source_id _type location_name
robot 1 3 ELEC_DC Work Area 1
robot 1 1 ELEC_DC Work Area 1
robot 3 7 ELEC_AC Work Area 1
Table B.2: All matching power sources and robot pairs within the specified location.
In this example it is shown that, out of the 3 robots within the system, 2 are compatible
with the power source types within that work area. By adding the comparison clause,
the results then show that only one robot is compatible with the power available due to
the other sources not providing suﬃcient power rating, shown in Table B.3.
robot_name power_rating power_source_id rating power_type
robot 3 {240,10,100,50} 7 {240,32,200,50} ELEC_AC
Table B.3: Matching power sources with sufficient rating.
Robot Workspace
The workspace of the robot can also be held and queried within entity relationship
approach, by using geometrical data types. This is done by entering a set of sampled
points into the database (in the reachability_points table) to which are linked one
or more orientations (held within the reachability_orientations table). A polygonal
approximation of these points can be entered, for eﬃcient querying to compare the
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workspace of multiple robots, can be entered into the workspace_hull column of the
robot_capabilities table.

Appendix C
8-Piece Portable Test Jig
This appendix contains more speciﬁc information about actions involved in the Portable
Test Jig described in Chapter 5. Hardware designs have been released Open Source and
can be found at the following location:
https://github.com/ulikando/telerobotics-dexterity-test
C.1 Parts List
Part Description Material Required
A Vertical Side Panel w/ hole for H Aluminium Plate
B Vertical Side Panel Aluminium Plate
C Vertical Back Panel Aluminium Plate
D Horizontal Cartridge w/ Grasp Feature Aluminium Plate & steel grasp feature
E Horizontal Plate Aluminium Plate
F Fixing Screw w/ Grasp Feature Steel Bolt & steel grasp feature
G Tapered Rod w/ Grasp Feature Aluminium rod & steel grasp feature
H Pin w/ Grasp Feature Steel pin & steel grasp feature
I1-I16 Guide pins 16 x Bolts
J1-3 Modular Base Plates 3 x Aluminium plates
K1-2 Square-section Supports 2 x Steel section
L1-2 Supports for G 2 x Steel section
M1-2 Uprights for Slot for D 2 x Steel blocks
N Crossbar for Slot for D 1 x Steel block
Table C.1: Portable Test Jig Parts
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C.2 Analysis of Actions
Actions 1 and 3: Extraction of a plate from 4 vertical pins embedded in the base plate.
Constrained in x, y, α, β and γ.
• Alignment of gripper with vertical plates
– Parallel to x axis
– Parallel to y axis
• Controlled z axis extraction of plate constrained in x and y.
Actions 2 and 4: Rotation of plate and insertion of a plate into 4 vertical pins.
Constrained in x, y, α and β (and γ in insertion)
• 180° and 90° rotation of plate in γ.
• Fine alignment in x and y and all rotational axes to 4 pins (which are possibly
unseen depending on camera positioning).
• Controlled insertion onto pins, maintaining rotational orientation.
Action 5: Extraction of vertical plate from a loosely constrained slot in base plate.
Constrained in x, y and γ.
• Rough alignment of gripper with plate.
• Controlled z axis extraction of plate unconstrained in β and loosely constrained in
α and γ.
Action 6: Rotation and Insertion of vertical plate into closely toleranced vertical slots.
Constrained in x, y, α and β (and γ in insertion).
• 90° rotation of plate in γ.
• Fine alignment with slots in x, y, α and γ.
• Controlled insertion along z axis.
Action 7: Extraction up of plate-locking cartridge from base plate by means of grip
feature.
Constrained in x, y, α, β and γ.
• Grasping of a standardly designed grasp feature.
• Unconstrained lifting from a surface.
Action 8: Insertion of plate-locking cartridge into aligned, vertical, rectangular holes.
Constrained in x, z, α, β and γ.
• Controlled insertion along y axis of a part ﬂush with base plate.
• Possible realignment of Part C to align hole with hole in base plate.
Action 9: Picking up of locking plate with no grasp feature.
Constrained in z axis, before plate is successfully held, after which unconstrained in all
axes.
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• Sliding of a plate in y axis along base plate to create a graspable edge.
• Reorientation of gripper (if using a non-suction powered gripper) to hold and lift
plate.
Action 10: Insertion of locking plate into horizontal slots. Care must be taken to avoid
excessive movement in x axis, which could dislodge Plates A and B.
Constrained in x, z, α, β and γ.
• Orientation using rotations and x, z axes to align with slots.
• Controlled insertion of plate along y axis. α and β.
Action 11: Unscrewing of locking screw.
Constrained in x, y, z, α and β.
• Unscrewing of a vertically aligned thread using grasp feature.
Action 12: Inserting of locking screw through hole in Part C. Care must be taken to
avoid excessive movement in x and y axes, which could dislodge Plate C.
Constrained in x, y, α and β.
• Alignment of screw with two aligned holes.
• Controlled insertion of screw through hole and into nut thread.
• Controlled rotation about z axis to lock screw and plate in place.
• Possible necessity to move Plate C to align better hole with nut in base plate.
Action 13: Screwing of locking screw into base into base plate.
Constrained in x, y, α and β.
• Alignment of screw with two aligned holes.
• Controlled rotation about z axis to lock screw and plate in place.
Action 14: Extraction of rod from its hole angular to base plate.
Constrained in x, y, z, β and γ.
• Grasping of standard grasp feature.
• Controlled extraction along a non-axis-aligned axis, tilted in α.
Action 15: Insertion of rod into aligned holes in Plates A and B.
Constrained in y, z, α, β and γ.
• Alignment of rod to holes in y and z axes.
• Controlled insertion along x axis into aligned holes.
Action 16: Extraction of locking pin from hole in base plate.
Constrained in x, y, α, β and γ.
• Grasping of standard grasp feature.
• Extraction of pin along z axis.
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Action 17: Insertion of locking pin into hole in Plate B and into Rod G.
Constrained in x, y, α, β and γ.
• Alignment of pin with hole in x and y axes.
• Insertion or dropping of pin in z axis.
Primary Movement Axes Constrained Axes
Action x y z α β γ x y z α β γ
1 r r r r r r
2 r r r r r r r
3 r r r r r r
4 r r r r r r
5 r r r r r
6 r r r r r r
7 r r r r r r
8 r r r r r r r r
9 r r r r
10 r r r r r r
11 r r r r r r
12 r r r r r
13 r r r r r
14 r r r r r r r r r
15 r r r r r r
16 r r r r r r
17 r r r r r r
Table C.2: Primary Movement and Constrained Axes for each action of the Portable
Test Jig
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C.3 Timing Chart for Test Jig
Figure C.1: The timings chart for the dexterity test used at CERN
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